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EDITORIAL 


Don't ignore the infrastructure 


arge-scale research facilities and new technol- 
ogy development have been essential to answer- 
ing difficult, often intransigent scientific ques- 
tions that would otherwise be inaccessible. The 
recent exciting discovery of gravitational waves 
by the Laser Interferometer Gravitational-Wave 
Observatory (LIGO) is but one of many star- 
tling findings that argue for major investments in 
large- and mid-scale instrumentation development. But 


released in October 2015 by the Association of Public 
and Land Grant Universities concluded that reversing 
deferred but critical maintenance of U.S. agricultural 
research laboratories and pilot facilities alone would 
cost $3.2 billion. Modernizing research farm facilities 
would add another $1.25 billion. 

Updating current core research facilities is often seen 
as less glamorous than funding new major equipment 
and shareable facilities, but it is equally critical to any 
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infrastructure elements is country’s research facilities gmail.com 
essential for accelerating means that no single stake- 
scientific momentum. holder in the scientific en- 
The need to repair and terprise can meet the needs 
upgrade research _ infra- alone. What is required is 
structure is an issue for an organized partnership 
every country. As the Eu- among research universities; 
ropean Strategy Forum on ae local, state, and federal gov- 
Research Infrastructure ar- sea cote ws ernments; private founda- 
gued in their March 2016 Icebreaker in McMurdo Sound tions; and private industry, 
report, future prosperity all of which have a substan- 
depends in pent on saad « - allowin g research facilities to tial stake in the future of sci- 
tion to the “life cycle” of esate . ence. A first step would be 
scientific infrastructure. In crumble will inevitably Stall... for leadership from either a 
the United States, the situ- scientific momentum...” governmental or nongovern- 
ation has been studied in mental organization to con- 
some depth. One recent vene an influential group of 
example is a plan proposed in December 2015 by the | partners and launch a comprehensive assessment of the 
US. National Science Foundation (NSF) to overhaul its | nation’s current research infrastructure. This should be 
Antarctic Research Station at McMurdo (a cost of $300 | followed by an action plan that lays out how the various 
million). This was in response to a blue-ribbon panel | partners will contribute to meet those needs. An inexact 
convened by NSF that argued that such an investment | but relevant example may be the sequence of efforts set 
was essential for maintaining the pace of Antarctic re- | in motion by the U.S. National Academies’ 2007 report 
search. The panel also called for support of a fleet of | Rising Above the Gathering Storm. 
multipurpose icebreakers to ensure polar research at The magnitude of collaborative effort needed to sus- 
a world-class scale. As for more “routine” facilities, ac- | tain the infrastructure is indeed daunting, and asking 
cording to the latest version of NSF’s biennial Survey of | for major investment from the public and private sec- 
Science and Engineering Research Facilities, America’s | tors in the current budget climate may seem unrealistic. 
academic institutions invested over $3.7 billion in fiscal But allowing research facilities to crumble will inevi- 
year (FY) 2012-2013 to revitalize science and engineer- | tably stall the great scientific momentum enjoyed over 
ing research labs, but at least another $8.3 billion is | the past 150 years. 
still needed. Using different survey methods, a study - Alan I. Leshner 
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From this platform, researchers drilled through the sea floor to the dinosaur-killing crater. 


Pay dirt! Scientists find big impact 


ome 66 million years ago, a large asteroid pounded into Earth 

off the coast of what is now Mexico’s Yucatan Peninsula, blasted 

open the 180-kilometer-wide Chicxulub crater, and led to the ex- 

tinction of most life on the planet. In April, a team of research- 

ers sponsored by the International Ocean Discovery Program 

began drilling into the sea floor, aiming for the heart of the crater 
to plumb its secrets. Those include clues to the formation of a “peak 
ring’—a feature of the largest impact craters, spotted on other solar sys- 
tem bodies but erased by erosion on Earth—to hints about how life re- 
bounded following the cataclysm (Science, 4 March, p. 1015). Last week, 
the team retrieved a 3-meter-long core from a depth of 670 meters—and 
it contained signs that they had found the peak ring: bits of the origi- 
nal granite bedrock struck by the crater, along with minerals originally 
deposited in hot fluid-filled cracks. By studying these rocks, the team 
hopes to test models of crater formation and determine whether the 
crater itself was one of the first habitats for microbial life after the im- 
pact. The team is funded to drill through the first week of June, and 
hopes to go as deep as 1500 meters. http://scim.ag/dinodrilling 
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&& Rescuing scholars Is like adopting orphan minds. 99 
Neuroscientist Amal Alachkar, at a 29 April symposium in New York City on the 
need for support for scholars fleeing the civil war in Syria. Alachkar escaped from the 
University of Aleppo in 2012 and is now at the University of California, Irvine. 


AROUND THE WORLD 


Pedophile drug test funding short 


STOCKHOLM | Swedish researchers have 
fallen short of their crowdfunding target for 
a clinical trial of a potential drug for pedo- 
philes. The trial, expected to be completed 
in 2 to 3 years, aims to assess whether a 
prostate cancer drug that lowers testoster- 
one levels in the body could help prevent 
pedophiles from acting on their impulses 
(Science, 15 April, p. 274). As Science went 
to press, the research team had collected 
just 5% of the £38,000 ($55,700) it hoped to 
collect before 7 May. It is hard to tell to what 
extent the sensitivity of the research topic 
contributed to the disappointing campaign 
result, says project leader Christoffer Rahm, 
a psychiatric researcher at the Karolinska 
Institute. In hindsight, such crowdfunding 
campaigns “should be planned with PR 
[public relations] specialists,’ Rahm says. 
“You have to change your strategy from 
normal grant applications.” The team is 
now planning to extend the crowdfunding 
campaign. http://scim.ag/fundingshort 


Mars exploration shuffle 


PARIS AND MOSCow | Europe and 

Russia have delayed the launch of a Mars 
rover—the second prong in the ExoMars 
program—from 2018 until July 2020. 

The first ExoMars mission, the Trace Gas 
Orbiter, launched in March; it aims to nail 
down the existence and source of martian 
methane (Science, 11 March, p. 1122). The 
ExoMars rover will be equipped with a drill 
to search for life in the subsurface and will 
target a region called Oxia Planum, which 
bears signs of ancient river channels and 
deltas. But scientists have faced problems 
marrying the European-led rover to its 
Russian landing system. The delay puts 
the ExoMars rover on a parallel track with 
NASA’s 2020 rover, which is expected to 
transport rocks from the surface back to 
Earth. Meanwhile, Hawthorne, California- 
based SpaceX followed up last month’s 
successful ocean landing of its Falcon 9 
rocket with an announcement last week 
of an agreement with NASA to land a craft 
on Mars as early as 2018. The Red Dragon 
mission would use a larger version of 

the Falcon 9 and a landing craft that has 
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New Sentinel satellite snaps first images 


ust 2 hours after the European Space Agency (ESA) 
switched on its radar instrument on 28 April, the agency’s 
newest observation satellite, Sentinel-1B, was already 
sending back images of an icy Norwegian archipelago. The 
satellite, launched on 25 April, will fly in coordination with 
its sister Sentinel-1A, launched in 2014: The two polar-orbiting 
satellites,separated by 180° will map the planet's surface every 


been designed to one day carry humans. 
More details are expected at September’s 
International Astronautical Congress. 


Sci-Hub survey: Pirates, ahoy! 


WASHINGTON, D.c. | Last week, a feature 
in Science analyzed 28 million download 
requests, made over 6 months, from 
Sci-Hub, a popular repository of pirated 
scientific literature. The data showed 

that Sci-Hub is widely used around the 
world. Science’s online survey on the topic 


generated more than 10,000 responses in 
the 4 days before this went to press. (You 
can take the survey here: http://bit.ly/Sci- 
Hub.) The sample is likely biased toward 
Sci-Hub fans—nearly 60% of respondents 
report having used it, and a quarter do so 
daily or weekly. Still, academic publishers 
may fear this dramatic result: Eighty-eight 
percent of respondents said it was not 
wrong to download pirated papers. About 
50% of Sci-Hub users said their primary 
motive is a lack of access to the journal 
articles (see bar graph, below), whereas 


Why do you use Sci-Hub or other pirated article repositories? 


| don't have any 
access to the papers 


Convenience—It’s easier to use than 
the authentication systems provided 
by the publishers or my libraries 


| object to the profits publishers 
make off academics 


Other 
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eft lorway’s 
valbard archipelago. 


6 days using synthetic aperture radar imaging that can “see” 
through cloud cover to capture images. The Sentinel family of 
satellites—which so far includes two other missions launched 

in the last year, one to monitor vegetation, soil, water cover and 
coastal areas, and another to measure sea-surface topography 
and temperatures—form part of the European Commission-ESA's 
Copernicus Earth observing program. 


23% said they objected to the profits 
publishers make, and 17% said they were 
motivated by simple convenience. Slightly 
more than 60% of survey-takers believe 
Sci-Hub will disrupt the traditional science 
publishing industry. 


Astro-H’s death knell 


TOKYO | Japan’s stricken x-ray observatory 
ASTRO-H (renamed Hitomi after launch) 
cannot be recovered, the Japan Aerospace 
Exploration Agency (JAXA) announced on 
28 April. The hopes of many astronomers 
were riding on the mission, which carried 
a soft x-ray spectrometer with 30 times 

the resolution of previous instruments, 
and was expected to revolutionize the 
field. Although the spacecraft’s 17 February 
launch appeared to go flawlessly, JAXA 
lost contact with the craft on 26 March 
(Science, 8 April, p. 124). U.S.-based track- 
ing radar appeared to see multiple objects 
at the observatory’s orbital position, and 
ground-based satellite watchers reported 
seeing the craft in a slow spin. JAXA began 
a thorough technical investigation; they 
reported last week that it was likely that 
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both of the craft’s solar arrays had broken 
off at their bases, where they are vulner- 
able to rotation. 


Italian institute gets new boss 


An outsider was named president of one 
of Italy’s largest and most strategically 
important research organizations last 
week. Geologist Carlo Doglioni of the 
Sapienza University of Rome will take 
over the reins at the troubled National 
Institute of Geophysics and Volcanology 
(INGV). Outgoing President Stefano Gresta 
and other managers have been accused of 
nepotism, conflicts of interest, and misuse 
of funds, while two of the organization’s 
scientists, including previous boss Enzo 
Boschi, were put on trial and convicted 

to 6 years in prison in 2012 for allegedly 


giving false reassurances ahead of the 
deadly earthquake that struck L’Aquila, 
Italy, in 2009. They were acquitted on 
appeal in 2014, a decision upheld by Italy’s 
highest court last year. Doglioni, 59, was 
selected by research and education minis- 
ter Stefania Giannini from a short list of 
five, mainly internal, candidates. He says 
he hopes to restore INGV’s focus to its 
two main functions—basic research and 
monitoring of natural hazards. 
http://scim.ag/DoglioniINGV 


Primary loss is loss for science 


The research community lost a key 
supporter last week with the defeat of 
Representative Chaka Fattah (D-PA) 
in a Democratic primary race in his 
Philadelphia, Pennsylvania-area dis- 
trict. Fattah, 59, had a keen interest in 
neuroscience, and as the top Democrat 


‘Ancient One’ to get Native American burial 


he 9000-year-old Kennewick Man has been the focus of 2 decades of legal battles 

between researchers studying early human migration and five Native American 

tribes. Now, he is set to receive a Native American burial. Scientists initially said 

that the skeleton, named for the town in Washington where he was unearthed, 

lacked Native American characteristics. However, a DNA study last year defini- 
tively linked the Kennewick Man to modern Native Americans (Science, 26 June 2015, 
p. 1404). After reviewing the genetic, skeletal, and statistical data, the U.S. Army Corps 
of Engineers last week concluded that the remains are Native American. Interested 
tribes may next submit a claim to acquire the skeleton for burial; until the bones are 
claimed, they'll remain at the Burke Museum in Seattle, Washington. 


Aclay facial reconstruction 
of Kennewick Man was 
sculpted around his skull. 
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on a House of Representatives spending 
panel that oversees the National Science 
Foundation and several other science 
agencies, Fattah backed funding for basic 
research and science education. He also 
helped catalyze the $300 million Brain 
Research through Advancing Innovative 
Neurotechnologies project, a multiagency 
effort to study the brain. A representa- 
tive of his west Philadelphia district 

for the past 22 years, Fattah will go on 
trial this month on bribery and fraud 
charges involving misuse of a $1 million 
campaign loan when he ran for mayor of 
Philadelphia in 2007. He has denied any 
wrongdoing, but stepped down as ranking 
member from the commerce, justice, sci- 
ence, and related agencies appropriations 
subcommittee when he was indicted last 
July, and his indictment contributed to his 
loss to state Representative Dwight Evans. 
http://scim.ag/Fattahdefeat 


Fraction of overweight and obese 
boys in China's rural Shandong 
province in 2014, compared with 
0.5% in 1985 (European Journal 
of Preventive Cardiology). 
http://scim.ag/Chinaobesity 


Number of deaths in the United 
States each year due to medical 
errors, making them the third leading 
cause of death after heart disease 
and cancer, and surpassing chronic 
respiratory disease (The BMJ). 


Mean weight gain, in kilograms, of 
14 people 6 years after competing on 
the television show The Biggest Loser. 
Mean weight loss during the show was 58 
kilograms. Their metabolisms had slowed 
radically, researchers found (Obesity). 
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GLOBAL CHANGE 


Be 


By pulling carbon dioxide out of Earth's atmosphere, the Amazon could give humanity the breathing room needed to mitigate climate change—if the numbers add up. 


Amazon rainforest to get a growth check 


Ambitious experiment will test whether rising CO, will boost the tropical carbon sink 


By Daniel Grossman 


avid Lapola was lost. For half an 

hour on a steamy March day, he 

and his companions had tramped 

through virgin Amazon jungle kilo- 

meters from any paved road. They 

were looking for a particular site, one 
of eight that Lapola had marked with orange 
surveyor’s tape about a year before. Lapola 
dodged a 2-meter-long tree snake. Plot 8 was 
nowhere in sight. Then one of the others 
pointed. “Just beyond the big tree,’ he said. 
“What big tree?” Lapola asked. Scores of 
trees loomed nearby, many with trunks that 
soared 30 meters into the humid air. 

It was an apt reminder of the challenges 
facing what Richard Betts, the head of cli- 
mate research at the United Kingdom’s Met 
Office Hadley Center in Exeter, calls “one of 
the most exciting experiments on the planet.” 
Lapola, a biology professor at Sao Paulo 
State University in Brazil, is a lead scientist 
in a project that could help answer whether 
the mighty photosynthetic engine of the Am- 
azon rainforest will consume enough atmo- 
spheric carbon dioxide (CO,) to slow global 
warming. The day after the forest trek, in 
an air-conditioned conference room 50 kilo- 
meters to the southeast in the Amazon Ba- 
sin’s largest city, Manaus, Brazil, Lapola and 
his colleagues from Brazil, the United States, 
and Europe discussed the daunting logistics 
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of the experiment, known as AmazonFACE, 
which they hope to launch next year. 

FACE (Free-Air Carbon dioxide Enrich- 
ment) experiments have been conducted at 
dozens of sites in more than a dozen coun- 
tries. The idea is simple: Researchers spray 
pure CO, continuously into an instrumented 
plot, raising ambient concentrations to 
match levels expected as humans continue 
to spew the gas, and study what happens 
to the plants. That’s a key question because 
through photosynthesis, land plants cur- 
rently take up about a quarter of the CO, 
humans add to the atmosphere each year, 
sequestering it as wood and as soil carbon. 
This natural uptake slows the buildup of 
CO, in the air, moderating global warming. 
“Nature has done us a fantastic favor,’ says 
Scott Denning, an atmospheric scientist at 
Colorado State University, Fort Collins. 

But many of the hypothesized carbon sinks 
could be winding down. Although abandoned 
pastures and fields in the Northern Hemi- 
sphere absorb carbon as they grow back into 
woodlands, for example, the uptake slows as 
they mature. But many scientists suspect that 
higher levels of CO, “fertilize” the rainforest, 
speeding its growth and creating a major 
carbon sink that could keep sopping up the 
greenhouse gas indefinitely, even as climate 
change makes forests such as the Amazon 
inhospitably warmer and drier. “It would be 
wonderful for humanity,’ Denning says. 
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That’s the hope that AmazonFACE aims to 
test. For 12 years, Lapola and his collabora- 
tors plan to study 30-meter disks of forest, 
the elusive plot 8 among them, in the Cuiei- 
ras Biological Reserve near Manaus. Sixteen 
perforated tubes dangling from 35-meter 
towers will fumigate the plots with computer- 
controlled doses of CO,, raising the concen- 
tration of the gas to 600 parts per million, or 
about twice the preindustrial level, which the 
world could reach by 2050. To conserve CO,, 
the tubes will spray only in daylight, when 
photosynthesis takes place. 

The experiment will start small, with a 
2-year study of one treatment plot and one 
control, and then expand to four treatment 
plots and four controls, Lapola says. Re- 
searchers will meticulously measure the daily 
growth of tree trunks, the areas of leaves, and 
the buildup of debris on the forest floor. In- 
struments will collect meteorological data 
and monitor the composition of the air and 
respiration in the soil; special underground 
cameras will observe root growth. 

Previous FACE studies have tested the 
responses of grasslands, deserts, temperate 
forests, and bogs. But nobody has under- 
taken one in a tropical forest, where the high 
canopies and remoteness pose daunting chal- 
lenges. “Nothing's as hard as getting high CO, 
in a rainforest,’ says Patrick Meir of Austra- 
lian National University in Canberra, one of 
Lapola’s collaborators. 
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The discussions in Manaus underscored 
just how many nagging details remain to be 
worked out. Hardware for controlling and 
dispersing the CO, must be designed and 
manufactured. Researchers must decide the 
best way to ship CO, to the site. Should they 
buy it from Carboman, the Manaus supplier 
that puts the fizz in the hot city’s Coca-Cola, 
or tap a cheaper source on the other side of 
the country and ship it up the Amazon River? 
Should they upgrade the treacherous 34- 
kilometer dirt road to the site, or find a spe- 
cial vehicle able to haul 15 tons of gas on the 
difficult last leg of the journey? Lapola had 
recently test-driven a truck that might work: 
a modified mobile missile launcher made in 
the Czech Republic. 

Construction at the site should get 
underway by the middle of next year, Lapola 
says. So far, he has raised about $4 million 
in grants from the Inter-American Develop- 
ment Bank and two Brazilian agencies, nearly 
enough to run the two-plot startup phase of 
the experiment, but he will need tens of mil- 
lions of dollars more to expand to eight plots 
for another decade, as planned. Much of the 
money will go to CO,, Lapola says: With the 
gas constantly escaping into the sky and sur- 
rounding forest, each treatment plot will 
need about 3.7 metric tons of CO, per day, or 
about 1350 tons a year, at up to $1000 a ton. 
The 2-year startup phase of the experiment 
has budgeted $1.3 million for the gas alone. 

Results should start coming in 6 months 
after AmazonFACE begins, Lapola says, but 
it will take years for some effects of higher 
CO, levels to become apparent. Richard 
Norby, a U.S. biologist from Oak Ridge Na- 
tional Laboratory in Tennessee and veteran 
FACE researcher who was at the Manaus 
meeting, says the results might dash hopes 
that the Amazon forest will provide the 
longed-for carbon sponge. 

Norby’s own experiment on a_ sweet- 
gum plantation in Tennessee and studies in 
other forests have shown that trees exposed 
to elevated CO, initially grow faster and se- 
quester more carbon. But sometimes the 
beneficial effect abates within a few years, 
for reasons not yet clear. Norby says he ex- 
pects a similar result in the Amazon. Like 
many other researchers, he thinks that a lack 
of phosphorus—a critical plant nutrient—in 
most Amazon soils will limit tree growth 
there, no matter how much CO, is present 
in the air. In the long term, he told his col- 
leagues on the drive from the research site to 
Manaus, “I don’t expect the extra carbon will 
do didley in this system.” & 


Daniel Grossman is a science journalist 
specializing in climate change, in collabo- 
ration with the Pulitzer Center on 

Crisis Reporting. 
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More delays for ITER, as 
partners balk at costs 


Review warns that new timeline could still be too optimistic 


By Daniel Clery and Adrian Cho 


t wasn’t the pat on the back that ITER 
officials were looking for. Last week, an 
independent review committee delivered 
a report that was supposed to confirm 
that ITER, the troubled international fu- 
sion experiment under construction in 
Cadarache, France, finally has come up with 
a reliable construction schedule and cost 
estimate. But the report says only that the 
new date for first operations—2025, 5 years 
later than the previous official target—is the 
earliest possible date and could slip. And it 
underscores the challenge of ITER’s balloon- 
ing budget. To start running by 2025, ITER 
managers have asked for an extra €4.6 bil- 
lion, which they are unlikely to receive. As a 
result, the report says, ITER’s ultimate goal— 
producing a “burning plasma” reaction of 
deuterium and tritium nuclei that sustains 
itself mostly with its own heat—will be de- 
layed from 2032 until 2035 at the earliest. 
ITER officials say the report confirms that 
the project is finally on the right track. “There 
is now a credible estimate of the schedule 
and cost envelope with respect to the finan- 
cial capabilities of all the members,” says 
ITER Director-General Bernard Bigot. “All 
the pieces are in place to make a decision” 
on enacting the plan. But others say that the 
new schedule is implausibly optimistic. “It’s 
all fiction,” says one expert who requested 
anonymity to protect his connections to the 
project. “As the report very carefully lays out, 
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there are umpteen assumptions that aren’t 
going to happen.” 

Dreamed up in the 1980s, ITER aims to 
show that deriving energy from nuclear 
fusion is feasible. Specifically, it aims to pro- 
duce a burning plasma, trapped in an intense 
magnetic field, that will generate 10 times 
more energy than it consumes. In France, 
the project site is finally taking shape, as 
workers erect the massive facility’s build- 
ings and install the first components shipped 
from member states. About 40% of the work 
needed for first operations is done. 

But delays and cost overruns have plagued 
ITER from the beginning. When the project 
partners—China, the European Union, India, 
Japan, Russia, South Korea, and the United 
States—signed the construction agreement in 
2006, ITER was supposed to be finished this 
year for about $11 billion. The actual cost, 
impossible to calculate exactly because mem- 
bers contribute mostly parts rather than cash 
and use different accounting systems, could 
be three times as high. 

ITER’s woes stem from two sources, ex- 
perts say. First, its design was far from com- 
plete when the agreement was signed. In 
fact, the report says, it’s still not complete. 
Second, the ITER agreement established a 
weak central organization with little power 
to direct the project. Those management de- 
ficiencies were laid bare in a February 2014 
review that called for 11 reforms, including 
the appointment of a new director-general 
and the completion of a realistic “baseline” 
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The foundations of ITER’s reactor pit 
take shape in Cadarache, France. 


construction schedule and cost estimate. Last 
November the ITER organization presented 
that new baseline—called the updated long- 
term schedule (ULTS)—to the ITER Council 
of representatives from the member states, 
and the council requested the independent 
review. The ULTS itself has never been made 
public, researchers say, but the panel report 
gives the bottom line. 

The 14-member review panel, headed by 
Albrecht Wagner, former chief of the DESY 
particle physics lab in Hamburg, Germany, 
praised Bigot, a French nuclear physicist 
with extensive management experience in in- 
dustry and government, for greatly improv- 
ing ITER’s management. The changes have 
“Jed to a substantial improvement in project 
performance, a high degree of motivation, 
and considerable progress during the past 
12 months,” the report says. 

However, the report also suggests that 
the new schedule falls short of providing a 
true, reliable baseline. “[TJhis is a success- 
oriented schedule with no contingency,’ the 
report says. “If any of the major risks that the 
[ITER organization] has identified material- 
izes, then the [first plasma] date will almost 
certainly slip by some degree.” The reviewers 
do not give a “probable” date for when ITER 
might actually start, notes the expert with 
connections to the project, who estimates it 
at 2028 or 2029. “The answer is so devastat- 
ing that if they came out and said it in public, 
they might lose [the support of] the Euro- 
pean Union,” he says. 

The biggest assumption behind the sched- 
ule is that members will provide an extra 
€4.6 billion ($5.2 billion) between now and 
2025. That money would enable the ITER 
organization to hire many more engineers, 
technicians, and skilled workers to assemble 


the parts that the members provide. It would 
also enable the ITER organization to develop 
a reserve fund for contingencies. However, 
the ITER Council made it clear at its last 
meeting in November 2015 that the cash 
would not be forthcoming. In particular, rep- 
resentatives of the European Union—which, 
as host, bears 45% of the financial burden— 
noted that the European Parliament has fixed 
spending on ITER through 2020, and it can- 
not be increased. 

Since then, the ITER organization has 
been trying to figure out how to keep to the 
schedule at a lower annual cost, adjusting 
it even as reviewers were analyzing it. One 
option would be to delay the construction 
of some components that won’t be needed 
in the experiment’s early years, when it will 
run on just hydrogen or deuterium. Neither 
substance can support a burning plasma, so 
the start of runs to achieve one would have 
to wait an extra 3.5 years, until 2035, the re- 
port estimates. That date “is so far off that it’s 
more like an idea,’ says Stephen Dean, presi- 
dent of Fusion Power Associates, a nonprofit 
foundation in Gaithersburg, Maryland, that 
advocates for fusion development. 

The review panel calls for the formulation 
of a real baseline by November. Reaching con- 
sensus on the schedule may be difficult, Dean 
warns, because ITER members have diver- 
gent priorities. Whereas the European Union 
frets over annual costs, Japan and South 
Korea worry about keeping the schedule 
for burning plasma, he says. That’s because 
they're already planning ITER’s successors, 
“demo” power plants that would generate 
electricity. To build one by 2050, they need 
the ITER data as soon as possible. “From the 
beginning of the process the Asian countries 
wanted to get to [deuterium-tritium] burning 
as fast as possible,’ Dean says. “They are not 
going to be happy to hear that the date for 
D-T burning is as far away as 2035.” 


ITER’s evolving budget: More, later 


Compared with ITER’s 2010 “baseline,” the schedule presented last November pushes first operations back 
5 years. And to limit peak spending, ITER officials would now delay the key deuterium-tritium (D-T) runs to 2035. 
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RENEWABLE ENERGY 


A reboot for 
wave energy 


U.K. engineers and funders 
take stock of failures as they 
design new prototypes 


By Erik Stokstad 


n the remote Orkney archipelago off 

Scotland’s northern coast, workers have 

hauled a 180-meter-long metallic sea 

monster onto a pier and are disman- 

tling it. For several years, the snakelike 

machine floated 2 kilometers offshore, 
tethered to the seabed. As it undulated in 
the waves, fluid was forced through the 
sleek beast’s hydraulic motors, generating 
up to 750 kilowatts of power, which was 
sent to shore via submarine cable. Now, its 
guts and joints are being dissected and ex- 
amined for wear. “It’s like an autopsy,” says 
Tim Hurst, director of Wave Energy Scot- 
land (WES) in Inverness, a funding pro- 
gram in the economic development agency 
that now owns the machine. 

The wave energy prototype worked, but 
its test run ended ignominiously, amid in- 
vestors’ fears about its durability and slow 
pace of development. Fated for the scrap 
heap, it is a symbol of recent setbacks in 
the wave energy sector here. The machine’s 
builder, Pelamis Wave Power, was the first 
company to feed electricity generated by 
a floating wave device into a national grid. 
But in late 2014, the Edinburgh-based com- 
pany failed after investors pulled out. A year 
later, the other leading U.K. wave power 
company, Aquamarine Power in Edinburgh, 
went belly-up for the same reason. 

Now, the Scottish government is going 
back to the drawing board. In December 
2014, it created WES to fund cross-cutting 
research on wave energy and to improve 
technology transfer. And a new crop of 
companies is counting on novel, and often 
more-compact, designs to rescue the na- 
scent industry. “There’s quite a change going 
on,” says Neil Kermode, managing director 
of the European Marine Energy Centre in 
Orkney, which tests wave and tidal devices. 
The renewed efforts, he adds, are crucial to 
ensuring that the United Kingdom becomes 
an exporter of wave energy technology. 

Buffeted by strong waves and tides, the 
U.K. coastline is a rich resource and natural 
test bed for ocean energy. Efforts to harness 
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Workers dismantle Pelamis’s prototype wave energy converter after its final test run off the Orkney archipelago. 


the tides are well underway. This summer, 
MeyGen Limited in Edinburgh will install 
six underwater turbines in the Pentland 
Firth, near Orkney, to capture energy from 
tidal currents. With another 263 turbines 
to be installed over the next 5 years or so, 
the facility should generate up to 398 mega- 
watts. Meanwhile, Tidal Lagoon Swansea 
Bay intends to build the world’s first tidal 
energy lagoon. Sea walls will channel the 
rising tide such that water rushes into the 
lagoon through turbines built into the walls. 
When the tide subsides, the lagoon drains 
through the turbines. Pending a key review, 
the £1 billion project is slated for the Severn 
Estuary, where water rises up to 10.5 meters 
at high tide, the second-highest tidal range 
on the planet. 

Capturing wave energy is trickier. A key 
challenge is that devices have to flex with 
everyday swells in order to generate power 
but be strong enough to withstand storms. 
Skepticism about survivability was a major 
factor that led investors to abandon Pelamis 
and Aquamarine, says Simon Cheeseman, a 
wave and tidal energy specialist with the Off- 
shore Renewable Energy Catapult (OREC), a 
research center in Blyth, U.K. “The technol- 
ogy just wasn’t robust enough,” he says. Pela- 
mis’s prototype worked during its sheltered 
near-shore tests, but investors doubted that 
it would survive fiercer storms. It didn’t help 
that “the sector was guilty of promising more 
than it could deliver,’ Hurst says. 

WES is now trying to help the industry 
“climb out of the trough with a more scien- 
tific approach,” Hurst says. The goal is to get 
companies cooperating; WES retains licens- 
ing rights to ensure broad commercialization 
of technologies it funds. With a £14.3 million 
budget over 2 years, its program mainly fo- 
cuses on developing common materials and 
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components for a range of designs. The first 
grants were for mechanisms that turn wave 
motion into electricity, called power-takeoff 
systems. Whereas most takeoff systems in- 
volve turbines and generators, one group 
is studying dielectric elastomers, which are 
polymers that generate electricity when 
flexed. In this concept, a sheet of elastomer 
film sandwiched between two sheetlike elec- 
trodes might capture energy in many types 
of wave converters. And this summer, WES 
will issue a call for control systems that could 
help devices survive rough seas. The systems 
might predict waves to harvest as much en- 
ergy as possible or put the device into safe 
mode if a punishing wave looms ahead. 

A separate funding round in Novem- 
ber 2015 awarded £2.25 million for R&D 


on seven prototype converters (see table, 
below) and an enabling technology. “There 
are all kinds of weird, wonderful, and un- 
familiar machines,” says Richard Yemm, the 
inventor of the Pelamis converter and now 
with Quoceant in Edinburgh. For example, 
Quoceant has reworked the Pelamis blue- 
prints to design a prototype technology with 
deflatable neoprene bladders that would al- 
low wave energy devices to submerge and es- 
cape dangerous waves. Another project, the 
Anaconda built by Checkmate SeaEnergy in 
Sheerness, U.K., has an entirely new design 
employing a rubber tube. Waves create a 
bulge that ripples down the tube and spins 
a turbine at the far end. An approximately 
9-meter-long prototype will be put through 
its paces in a wave tank; plans are to scale up 
to a 150-meter-long machine. 

WES is keeping expectations in check 
by including technical milestones in its 
grants program and requiring test data be- 
fore renewing funds. For its part, OREC has 
launched a technology assessment process 
to help benchmark progress. Several devel- 
opers are focusing on wave energy for mod- 
est applications, such as providing power for 
aquaculture or desalinization for islands. 

Creating a working wave energy machine 
is only half the battle. Converters must be 
economically viable to compete with wind 
and tidal—and that’s “really ambitious,’ 
Cheeseman says. Proponents see a place for 
wave energy as a complement to other re- 
newables, as the devices could generate elec- 
tricity when solar panels or wind turbines 
are idle. “There’s not one technology that 
can meet all the energy needs,” says Henry 
Jeffrey, a marine energy expert at the Uni- 
versity of Edinburgh. “We need them all.” 


The next wave 


Wave Energy Scotland, a major funder of wave energy R&D, supported a variety of novel prototypes in its 
latest grant competition. The tank-tested models range in scale from 1:50 to 1:15. 


KILOWATTS AT 

DEVICE COMPANY TECHNOLOGY FULL SCALE 

Anaconda Checkmate SeaEnergy Floating, water-filled rubber tube with 1000 
turbine at end 

Waveswing AWS Ocean Energy Submerged, air-filled cylinder that 25 
responds to pressure fluctuations 

WaveTrain Joules Energy Efficiency Linked floating modules with inclined 750 

Services pneumatic tubes and turbine 

WaveNET Albatern Array of linked buoys with generators >7/5 

Series 12 powered by hinged struts 

Mocean Mocean Energy Hinged raft with pontoon shaped to 500-1000 
enhance flexing 

Ccell Zyba Oscillating wave surge converter with a <50 
curved, hinged paddle 

Sea Power 4C Engineering Hinged raft made of hollow concrete 1500 

Platform 
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HUMAN EVOLUTION 


Why humans are the high-energy apes 


Our metabolism runs faster than that of other apes, likely allowing us to evolve big brains 


By Ann Gibbons 


e may not be raring to go on a 

Monday morning, but humans 

are the Energizer Bunnies of the 

primate world. That’s the conclu- 

sion of a new study that, for the 

first time, measures precisely how 
many calories humans and apes burn each 
day. Compared with chimpanzees and other 
apes, our revved-up internal engines burn 
calories 27% faster, according to 
a paper in Nature this week. This 
higher metabolic rate equips us to 
quickly fuel energy-hungry brain 
cells, sustaining our bigger brains. 
And lest we run out of gas when food 
is short, the study also found that hu- 
mans are fatter than other primates, 
giving us energy stores to draw on in 
lean times. 

“The brilliant thing here is show- 
ing for the first time that we do 
have a higher metabolic rate, and 
we do use more energy,’ says paleo- 
anthropologist Leslie Aiello, presi- 
dent of the Wenner-Gren Foundation 
for Anthropological Research in New 
York City. “Humans during evolution 
have become more and more hyper- 
metabolic,” says biological anthro- 
pologist Carel van Schaik of the Uni- 
versity of Zurich in Switzerland. “We 
turned up the thermostat.” 

For decades, researchers assumed 
that “there weren’t any differences 
in the rate at which different spe- 
cies burned calories,” says biological 
anthropologist Herman Pontzer of Hunter 
College in New York City, lead author of the 
new study. Comparing humans and other 
primates, they saw little difference in basal 
metabolic rate, which reflects the total calo- 
ries used by our organs while we are at rest. 

But in many ways, we’re not like other 
apes: Our brains are at least three times 
larger, and we produce more babies in 
shorter intervals—both of which consume 
more energy. “It has been an open question— 
how do we do all these expensive things?” 
Pontzer says. 

For the past 2 decades, researchers looked 
for an answer in tradeoffs between the en- 
ergy demands of different parts of the hu- 
man body. For example, Aiello and her 
colleagues proposed that when our brains 
began to expand dramatically about 1.6 mil- 
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Although chimps’ bodies are lean compared with those 


lion years ago, our direct ancestor Homo 
erectus evolved a smaller gut that sucked up 
less energy (Science, 15 June 2007, p. 1560). 
Other teams suggested that humans reduced 
muscle mass to save energy; walked and ran 
more efficiently; or got extra calories faster 
by eating a higher quality diet, cooking food 
to cut down on the energy spent in digestion, 
and sharing food. Indeed, there seemed to be 
no shortage of human adaptations that con- 
serve energy. 


Then, in 2010, researchers began to mea- 
sure apes’ total energy expenditures (TEEs) 
accurately for the first time, rather than just 
their resting rate. Orangutans delivered the 
first surprise: They have an unexpectedly low 
metabolic rate, Pontzer says. 

So he and primatologist Stephen Ross 
of the Lincoln Park Zoo in Chicago, I- 
linois, set about measuring TEE directly 
in as many apes as possible at 14 zoos 
and two ape sanctuaries in the United 
States and Africa. They fed 27 chimps, 
eight bonobos, 10 gorillas, and 11 orang- 
utans water labeled with certain isotopes of 
hydrogen and oxygen. Then they measured 
those two isotopes in the apes’ urine to see 
how the ratio changed over time. The ratio 
reveals how much carbon dioxide the ani- 
mal had generated, which reflects how many 
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of humans, new 
measurements show that these apes burn calories more slowly than we do. 


calories it had burned. The technique is the 
“gold standard” for metabolic studies, and 
the researchers did a “terrific job” using it to 
compare the total calories burned daily by 
apes and humans, says biological anthropo- 
logist William Leonard of Northwestern 
University in Evanston, Illinois. 

The team used the same method on 
141 adults from five populations around the 
world. After taking body size into account, 
they found that humans averaged about 
400 more calories per day than 
chimps and bonobos—635 calories 
more than gorillas and 820 calo- 
ries more than orangutans. This 
meant that humans burned over 
27% more energy per day on average 
than chimps. 

Although ideally all data would 
come from animals in the wild, other 
studies have shown that TEE rates 
in captive and wild apes are about 
the same, regardless of activity lev- 
els, Van Schaik notes. To be safe, the 
study matched relatively sedentary 
humans with captive apes. 

The team also measured body fat 
in people and other primates by ana- 
lyzing isotopes in the urine, finding 
that humans had significantly more 
fat than even these zoo animals. 
“If you're going to burn fuel faster, 
you better have a backup tank,’ 
Pontzer says. Once early hominins 
had boosted their metabolism and 
grown bigger brains, he says, natural 
selection would have favored not only 
fatter individuals, but also smaller 
guts and other energy-saving adaptations, 
such as cooking and efficient walking. 

“What is fantastic about this paper is 
that Herman and his colleagues have effec- 
tively integrated all of the earlier ideas into 
a unified theory for energy and the evolu- 
tion of human characteristics,’ Aiello says. 
Van Schaik agrees. “There has to be more 
energy going into our systems,” he says. 
“Now, [Pontzer] has measured it, and it all 
fits together.” 

Next on Pontzer’s agenda is to try to fig- 
ure out how and when human ancestors 
boosted their metabolisms above the levels 
of our ape ancestors, for example by analyz- 
ing rates of bone growth in fossils. That’s 
particularly intriguing to Aiello. “I’d really 
like to know,” she says, “when did fossil 
hominids get fat?” & 
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DEVELOPMENTAL BIOLOGY 


Human embryo research 
confronts ethical ‘rule’ 


Time to revise 14-day limit for growing IVF embryos? 


By Patrick Monahan 


t’s easy to obey a rule when you don’t 

have the means to break it. For decades, 

many countries have permitted human 

embryos to be studied in the laboratory 

only up to 14 days after their creation by 

in vitro fertilization. But—as far as any- 
one knows—no researcher has ever come 
close to the limit. The point of implantation, 
when the embryo attaches to the uterus 
about 7 days after fertilization, 
has been an almost insurmount- 
able barrier for researchers cul- 
turing human embryos. 

Now, two teams report grow- 
ing human embryos about a 
week past that point. Beyond 
opening a new window on hu- 
man biology, such work could 
help explain early miscarriages 
caused by implantation gone 
awry. As a result, some scientists 
and bioethicists contend that 
it’s time to revisit the so-called 
14-day rule. But that won’t be 
welcomed by those who con- 
sider the rule to have a firm 
moral grounding—or by those 
who oppose any research on hu- 
man embryos. 

“We're here sooner than we 
thought,’ says Insoo Hyun, a 
bioethicist at the School of Med- 
icine at Case Western Reserve 
University in Cleveland, Ohio, 
and co-author of a commentary 
in Nature this week calling for a 
reassessment of the 14-day rule. 
About 4 years ago, a group led by Magdalena 
Zernicka-Goetz, a developmental biologist 
at the University of Cambridge in the United 
Kingdom, first reported culturing mouse 
embryos past the implantation stage, and it 
has been improving its methods ever since. 

The latest tricks also work with human 
embryos, Zernicka-Goetz’s team and a col- 
laborating group led by Ali Brivanlou, a stem 
cell biologist at The Rockefeller University 
in New York City, report this week in Nature 
and in Nature Cell Biology. Both groups ini- 
tially removed each embryo’s outer mem- 
brane and grew the embryos in two different 
types of culture media, the first containing 
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fetal bovine serum. Together, that allowed 
embryos to “implant” onto a plastic sub- 
strate, which was transparent, enabling the 
researchers to take images of what followed. 

After normal implantation, part of a mam- 
malian embryo reorganizes itself into what 
will become the placenta and the yolk sac. 
This is also the stage at which many develop- 
mental defects originate. The lab-grown hu- 
man embryos hit all of the bases expected of 
one implanted on a uterus. They developed 


Ahuman embryo, 12 days after fertilization, has clearly begun to differentiate into 
multiple cell types, including those that will develop into the fetus (green). 


the right shape and generated various cell 
types, even though they lacked the structure 
and nutrition that maternal tissues would 
normally supply. As Harvard University stem 
cell researcher George Daley puts it, “The 
embryo is somewhat on autopilot.” 

The teams halted their studies when the 
embryos were 14 or 13 days past fertiliza- 
tion, as U.K. laws require and several U.S. 
guidelines recommend. But that was enough 
time for them to see that mouse embryos 
are imperfect models for human ones. For 
example, the cells that develop into the fe- 
tus and the yolk sac diverge later in human 
embryos. “You have to study the human 
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embryo to understand the human embryo,’ 
Zernicka-Goetz says. 

The 14-day rule prevents researchers from 
exploring the unique features of human 
embryos any later in development. But the 
rule also played a crucial part in making lab 
studies of embryos acceptable in the first 
place. Proposed in 1979 by what would later 
become the U.S. Department of Health and 
Human Services, it is now enshrined in law 
in 12 countries and in various guidelines in 
another five. The rule is pegged to the time 
at which human embryos develop the “prim- 
itive streak’—an easily identifiable group of 
cells that appears when embryos can no lon- 
ger fuse or split. That, in the eyes of some 
religious bioethicists, marks the threshold at 
which an embryo is a distinct human. 

Now that culture methods have finally 
caught up to the ethics of the 14-day rule, 
Hyun and his commentary co-authors say 

it’s time to start a new conver- 
sation about whether there 
is scientific need, as well as a 
broader consensus, for length- 
ening the time human embryos 
can be grown in the lab. The 
14-day rule was conceived as a 
policy tool to enable research, 
he says. “It shouldn’t be thought 
of as a hard and fast moral 
pronouncement.” 

Others disagree. “Of course 

rules can always be reconsid- 
ered,” says Marcy Darnovsky, 
executive director of the Center 
for Genetics and Society, an ad- 
vocacy organization in Berkeley, 
California, that has been critical 
of human embryo research and 
modification. “But it was very 
much intended to be a bright 
line” Still others think the 
14-day rule should never 
have been enacted at all—like 
Reverend ‘Tadeusz  Pacholc- 
zyk, director of education for 
The National Catholic Bioeth- 
ics Center in Philadelphia, 
Pennsylvania, who calls the rule a form 
of “lip service to the moral status of the 
human embryo.” 

By culturing human embryos beyond 
14 days, Daley says, researchers could ad- 
dress “deeply compelling questions,” such as 
how the nervous system arises. But he and 
others who believe there may be value in re- 
visiting the 14-day threshold stress that any 
alteration to it will require extensive discus- 
sion with policymakers and the public. “It 
was first derived and built upon trust and 
public dialogue,” Hyun says. “If you even 
entertain changing it, it needs to involve a 
wide group of stakeholders.” 
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An orca encounter 
at SeaWorld in San 
Diego, California. 


AN OASIS FOR ORCAS 


Advocates dream of flying killer whales to an ocean sanctuary, 
but experts clash over whether science supports the move 


ow do you retire a 5-ton whale? 
That’s a question some advocates 
and scientists have been asking 
themselves in the wake of Sea- 
World’s historic decision in March 
to stop breeding the 29 orcas in its 
care. Although the chain of theme 
parks says it will hold onto the 
animals until they die—which for 
many could be decades from now—a few 
groups want to fly them to a sanctuary in the 
sea, a kind of wildlife refuge for these intel- 
ligent and far-ranging creatures. The prob- 
lem? No such sanctuary exists. 

But the groups are laying plans. Last week, 
about three dozen scientists, veterinar- 
ians, and engineers announced the forma- 
tion of the Whale Sanctuary Project (WSP), 
a Washington, D.C.-based nonprofit that 
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has begun pressuring SeaWorld to release 
its orcas. The group is scouting sanctuary 
locations along North America’s coasts— 
including coves and small groups of islands 
that could be cordoned off—with fundraising 
to follow. Other organizations have proposed 
similar ideas. 

“There’s enough known about how to do 
this that we could put up a facility in the 
next 3 to 5 years if we had the resources,” 
says WSP President Lori Marino, a bio- 
psychologist based in Kanab, Utah. “We're 
moving pretty quickly.” 

But critics say such plans are premature— 
and that they might not actually help the 
whales. Placing an orca that has spent its 
entire life in a sterile, concrete tank into an 
ocean filled with creatures and conditions 
it has never encountered before could be 
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dangerous not just for the whale, but for the 
previously whale-free ecosystem, says Shawn 
Noren, a physiologist at the University of 
California (UC), Santa Cruz, who has stud- 
ied orca biology at marine parks for nearly 
20 years. And the costs are mammoth— 
perhaps tens or hundreds of millions of 
dollars. The challenges, she says, “are 
mind-boggling.” 


BOTH SIDES OF THE ORCA captivity de- 
bate agree that killer whales are remarkable 
animals. They can travel thousands of kilo- 
meters and dive more than 600 meters. 
Their large, complex brains, like those of 
chimps, are twice as big as would be ex- 
pected for their body size. And the orca 
neocortex, a brain region linked to self- 
awareness, communication, and problem- 
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solving, is among the most highly developed 
in the animal kingdom. Orcas are also social 
creatures that live in tight-knit family units 
led by their mothers. They communicate in 
dialects of clicks and whistles that can vary 
by region. What’s more, according to a study 
published last year, they’re one of only 
three animals—besides humans and pilot 
whales—known to go through menopause, 
an adaptation that may free older females 
to care for their extended families. 

All of this, advocates say, makes killer 
whales spectacularly unsuited for the rela- 
tively small, isolated tanks found in theme 


parks and aquariums. Marino and others 
have argued that such enclosures stunt the 
animals’ physical and psychological growth, 
leading to stress, disease, and aggression 
toward other whales and even humans. 
Tilikum, a SeaWorld orca now in poor health, 
has been implicated in the deaths of three 
people, inspiring the 2013 documentary 
Blackfish, which played a major role in the 
company’s decision to stop breeding its killer 
whales and displaying them in shows. 
SeaWorld has countered that its orcas are 
healthy and well cared for, and that much of 
what we know about the species wouldn’t 


Sanctuary in the sea 


Advocates hope to create an ocean refuge for captive orcas, to offer them a more natural life while protecting 
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theme parks and aquariums. 
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have been possible without captive research. 
It has strongly resisted calls to release its 
whales to the wild, noting that they have 
spent most of their lives in pools, and would 
likely die in the open ocean. Many anti- 
captivity advocates actually agree. So, instead, 
they’re pushing for a middle ground—some- 
thing between a tank and the deep blue sea. 


AN ORCA SANCTUARY has been attempted 
once before. In 1998, advocates loaded a 
killer whale named Keiko (star of the 1993 
film Free Willy) onto a giant military cargo 
aircraft and flew him to a remote island 
cove off the southwest coast of Iceland. In- 
dividuals working with the Free Willy-Keiko 
Foundation hoped to eventually return the 
20-year-old whale to the open ocean. But 
first they had to build him a sea home. 

It did not go smoothly. Workers fashioned 
a sea pen out of foam-filled plastic pipe. En- 
circled by a deep net, it was about two-thirds 
the size of a football field, anchored to the 
ocean bottom with more than 100 tons of 
chain. About a year and a half later, the foun- 
dation opened up Keiko’s sea cage and gave 
him access to the entire cove, which had been 
cordoned off with a 300-meter-long net. But 
fierce weather and heavy currents regularly 
struck the cove, fraying the net and ripping 
bolts from the sea floor. 

Then there was the herculean task of car- 
ing for the whale. At its peak, the facility 
employed more than 20 people, including 
veterinarians, security officers, and trainers 
who taught Keiko to hunt for himself and 
took him on “walks” in which he accompa- 
nied a boat in the open ocean, says Michael 
Parks, who was chief of marine operations for 
the project and is now with WSP. The cove 
was inaccessible by road, so everything had 
to be done by boat, including shipping in 
frozen herring by the ton to satisfy the orca’s 
300-fish-per-day appetite. Yearly costs were 
estimated at $3 million, and Keiko was there 
for nearly 4 years. But Parks says that while 
in the cove, Keiko got off the medications he 
had been on and grew more muscle. 

In 2002, Keiko was given more access to 
the open ocean, and he soon joined up with a 
wild pod of orcas and left the cove for good. 
Sightings showed that he made his way to 
Norway, but continued to seek human con- 
tact, and never fully integrated with his wild 
kin. He died of pneumonia in late 2003. No 
orca sanctuary has been attempted since. 


MARINO’S GROUP HOPES to change that. 
And it’s not being modest with its plans. 
Marino, whose academic research helped 
show that dolphins are capable of self- 
awareness, became an anticaptivity advo- 
cate about 10 years ago (Science, 29 April 
2011, p. 526). She envisions multiple sanc- 
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Keiko’s temporary sea home, Klettsvik Bay off Iceland’s Heimaey island, with his sea pen in the distance. 


tuaries that could hold up to several orcas, 
created by drawing a net between islands 
or cordoning off a cove like Keiko’s, but in 
a calmer location. The enclosure would be 
“as open and naturalistic as possible,” she 
says. “It will never be ideal, but it will be 
enormously different than a theme park.” 
A sanctuary won’t be able to replicate orca 
social life, Marino admits, but at least the 
whales could communicate acoustically 
with wild orcas, as Keiko did. 

Roping off a stretch of water is just the 
beginning, however. Marino envisions a sea 
cage for care and feeding, a visitor education 
building (which could feature viewing plat- 
forms and underwater critter cams), a food 
preparation center, and housing for staff. 
“In some ways, we have to replicate what 
SeaWorld already has,” she says. “We have to 
be prepared to take care of them for the rest 
of their lives.” She estimates costs of up to 
$200 million per sanctuary and is counting 
on rich donors—and perhaps even SeaWorld 
itself—for help. 

Howard Garrett thinks he can do it 
cheaper, at least for one whale. He’s the co- 
founder and director of the Orca Network, a 
small nonprofit based in Freeland, Washing- 
ton, that has been trying to remove an orca 
named Lolita from the Miami Seaquarium in 
Florida, where she has lived since 1970. The 
group has already selected a site—a calm bay 
in the San Juan Islands off Washington state. 

Garrett envisions a simpler undertaking 
with no facilities for visitors. A local salmon 
hatchery would provide most of Lolita’s food, 
and staff would be limited to feeders and the 
occasional veterinarian. He estimates about 
$1 million to create the enclosure and set the 
whale up there, and about $250,000 a year to 
care for her. “It’s not a high-tech operation,’ 
he says. “It’s a common sense operation.” 

For her part, Marino says Garrett’s group 
hasn’t conducted proper environmental as- 
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sessments and has vastly underestimated 
costs. But critics say both groups have over- 
simplified things. 


“WE ALL LIKE THE IDEA of retirement,” 
says SeaWorld’s chief zoological officer, 
Christopher Dold, a marine veterinarian in 
Orlando, Florida, who has worked with orcas 
for more than 20 years. But he says the park’s 
whales already live comfortable, stimulating 
lives, and moving them to an ocean enclosure 
would be dangerous, for both them and the 
environment. “We're not willing to conduct 
that kind of experiment with the health and 
well-being of our killer whales.” 

Dold notes that the ocean can be un- 
predictable, citing the storm damage to 
Keiko’s enclosure as well as pollution, ship 
noise, and disease—all new for captive 
whales. And it’s not just the impact of the 
environment on the orca; it’s the impact of 
the orca on the environment. “You're talking 
about putting killer whales in places they 
don’t usually live” UC Santa Cruz’s Noren 
says. What if they eat the local wildlife? “And 
what’s the impact of all that whale poop?” 

Plus, Noren says, we don’t really know 
what these animals want. She worked with 
Keiko at an Oregon aquarium before he 
moved to Iceland, studying his diving behav- 
ior and metabolism. “He would stare at us 
through the window, even after our experi- 
ments were done. We were his social crew,’ 
she says. “Who knows if he really wanted to 
go to Iceland? You can’t get inside the brain 
of a killer whale.” 

Then there’s the cost. “It kind of makes me 
angry,’ says Richard Connor, an animal be- 
haviorist at the University of Massachusetts, 
Dartmouth, who studies wild dolphins. He 
notes that threatened whales and dolphins 
worldwide need more resources to help save 
them. “I’d rather see that money spent pro- 
tecting marine areas and conducting basic 
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science.” Still, Connor says that such sanctu- 
aries might open up new research opportuni- 
ties. “We’ve just scratched the surface of what 
we know about these animals.” 

John Ford, a marine mammal scientist at 
Fisheries and Oceans Canada in Vancouver, 
agrees. Studying orca vocalizations and feed- 
ing patterns is more accurate in an ocean 
setting, says Ford, who has researched killer 
whales in their natural environment for more 
than 40 years. Scientists would also have bet- 
ter access to the orcas in ocean sanctuaries 
than in the open sea. They could strap re- 
corders to the whales and even take breath 
samples—things that are much easier to do 
with trained animals in a confined space, he 
says. “You could do research you can’t do in 
captivity or the wild” 

For now, however, efforts to retire the 
29 orcas at SeaWorld and another 27 at 
aquariums and theme parks around the 
world remain a pipe dream. SeaWorld 
says it is focused on improving its captive 
habitats—making tanks more stimulating 
and naturalistic, for example with currents 
the orcas could turn on themselves, and per- 
haps even live fish. 

In the meantime, anticaptivity advocates 
will continue to lobby SeaWorld and other 
facilities to retire more marine mammals, 
like seals and dolphins. “What we learn 
about retiring orcas will be used as a blue- 
print for others,” Marino says. 

Nor will the conversation stop with ma- 
rine animals. Whether it’s orcas, chimpan- 
zees, or elephants, “the more cognitively 
advanced the creature, the more we have to 
think about the environment we place them 
in,” says Stephen Ross, who oversees great 
ape research at the Lincoln Park Zoo in Chi- 
cago, Illinois, and also serves on the board of 
a chimp sanctuary. “These types of questions 
have always been there,” he says. “They’re 
just rising closer to the surface.” 
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THE POWER OF 


PERSONALITY 


From birds to lizards to spiders, individuals exhibit consistent 
differences in behavior that shape the fate of their species 


ype A isn’t a label just for restless, 
aggressive people. Take the great 
tit, a common songbird of Europe 
and Asia. In a single woodlot, one 
tit may flit back and forth, seem- 
ingly fearless, exploring every nook 
and cranny of the forest floor for 
caterpillars and other insects. An- 
other is an avian type B: It appears 
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By Elizabeth Pennisi 


shy and skittish, rarely straying far from 
its nest. 

To a birdwatcher or pet owner, it may be 
obvious that individual animals have dis- 
tinct personalities. But the idea has been 
slow to penetrate biology. Researchers used 
to consider variation in individual behavior 
within a species as “noise” in their data and 
for the most part ignored it. While a Ph.D. 
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student in human psychology at the Uni- 
versity of California (UC), Berkeley, in the 
1990s, Samuel Gosling, now a professor at 
the University of Texas, Austin, recalls be- 
ing told that studies of animal personalities 
were “goofy, frivolous, and the purview of 
overly sentimental dog owners.” 

Even when researchers began taking be- 
havior differences seriously a decade ago, 
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they at first had trouble with the term 


» 6 


“personality.” “When you say ‘personality’ 
to a lay person, they think of something 
very subjective and idiosyncratic, which 
is something only humans have,” says Gil 
Rosenthal, a behavioral ecologist at Texas 
A&M University, College Station. But years 
of research have made it clear, says Renee 
Duckworth, an evolutionary ecologist at the 
University of Arizona, Tucson, that animal 
“personalities” are stable and quantifiable: 
“There are consistent differences between 
individuals that are not going to change no 
matter what the circumstances are.” 

Now, researchers are learning that just as 
human quirks and temperaments shape our 
lives and the world around us, the behavior 
patterns of individual animals affect their 
role in their ecosystem, their prospects for 
survival, and probably their evolution. “We 
are learning that individuals really matter,” 
says Spencer Ingley, an evolutionary bio- 
logist at the University of North Carolina, 
Chapel Hill. 

More than 2 decades ago, a seemingly 
unlikely animal, the streamside salaman- 
der (Ambystoma barbouri), a nondescript 
inhabitant of the U.S. Midwest, persuaded 
Andrew Sih that animal personalities are 
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Field and lab studies of Europe’s 
great tits have revealed sharp 
personality differences—and 
shown that scarce resources can 
favor meeker birds. 


real and important. Sih, a 
behavioral and community 
ecologist from UC Davis, 
and one of the field’s pio- 
neers, noticed that some 
of the salamanders hide 
when fish that prey on 
them are around, whereas 
others appear unfazed. At 
first that seemed to make 
no sense—natural selection 
should quickly eliminate 
the risk-takers. But eventu- 
ally Sih figured out that the 
bold individuals were more 
effective hunters, which 
gave them an advantage in 
small, fishless stream pools 
that were likely to dry up 
quickly. They could catch 
enough invertebrate prey 
to grow fast, completing 
their life cycle before their 
pools vanished, whereas the 
cautious individuals—better 
equipped for life in larger 
pools with predatory fish— 
grew too slowly to survive. 
At meetings a decade ago, 
Sih’s discussion of salamander boldness 
might have been a lone paper stuck in the 
“miscellaneous” session; now, whole sym- 
posia are devoted to animal personalities, 
and hundreds of papers are published each 
year. But some researchers aren’t persuaded 
that animal personalities play 
a major role in ecology and 


Why one species’s personality can vary 

As the existence of animal personalities 
becomes undeniable, researchers face a 
puzzle: how disparate personalities can 
coexist in a single species. Europe’s great 
tits are helping explain how. At long-term 
field sites in Germany, the United Kingdom, 
and the Netherlands, Niels Dingemanse, a 
behavioral ecologist at the Ludwig Maximil- 
ian University of Munich in Germany, and 
others have manipulated the number of off- 
spring in nests and the density of nest sites. 
They’ve found that different conditions fa- 
vor opposite personalities, thereby enabling 
behavioral variation to persist. 

When bird populations are dense, com- 
petition for territories, mates, and food 
sharpens, and one might expect aggres- 
sive individuals to win out. But when 
Dingemanse’s postdoc, Marion Nicolaus, 
tracked 541 adults for 4 years, recording 
which survived and how many young they 
produced, she found the opposite was true. 
It seems that when birds have to compete 
for scarce resources, the aggressive ones 
often get into fights, which take a physi- 
cal toll. Aggressive birds also strain to keep 
all their young fed, further taxing their 
health. Thus, compared with more docile 
individuals, these birds are more likely to 
wear themselves out and fail to survive to 
the next breeding year. Only when densities 
are low do type A birds outcompete gentler 
ones and thrive, Dingemanse says. 

The findings parallel predictions made a 
decade ago about humans: that “in grow- 
ing populations, competitive environ- 
ments should favor shy, non-explorative, 
non-aggressive individuals,” Nicolaus, 
Dingemanse, and colleagues write in an up- 
coming paper in Ecology Letters. 

The great tit studies “are 
at the forefront of developing 


evolution—the empirical evi- “7, e new methods,” the University 
dence is still lacking, they argue. if ut moves, of Arizona’s Duckworth says. 
As Franz Weissing, a theoretical chances For example, researchers from 
biologist at the University of the University of Oxford in the 
Groningen in the Netherlands, are that United Kingdom have equipped 
puts it: “Much more is needed in personalities the birds at a nearby site with 
order to convince the skeptics.” ” microchips, enabling the team 

More is coming. Sih and oth- are pr esent. to follow where the birds spend 
ers have figured out how to Spencer Ingley, their time and with whom. That 
quantify personality along axes University of North work is now dovetailing with 


such as shy-bold and aggressive- 
nonaggressive and are applying 
rigorous statistics to the results. Research- 
ers are probing the genetics that define per- 
sonality and doing experiments that reveal 
the interplay between personality and envi- 
ronment. “We're right on the cusp of studies 
showing the ecological consequences and 
the evolutionary consequences,” Duckworth 
says. “We're kind of getting into the most 
exciting part right now.” 
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Carolina, Chapel Hill 


research by Oxford’s Lucy Aplin 
and colleagues, who have set up 
“puzzle box” feeding stations that allow ac- 
cess to food only if the bird slides a door in 
the correct direction. Aplin trains one bird 
to slide the door, then studies how this skill 
spreads through the population. 

The result is a portrait of how person- 
ality affects learning in the great tit. The 
more reticent and sedentary birds tend to 
have just a few close associates, the micro- 
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chip tracking showed. New skills spread 
slowly through these tight-knit networks, 
Aplin found. Their less timid peers fly all 
over the place; they associate with more 
individuals albeit less frequently with each. 
And they disseminate information rapidly 
(see graphic, right). 

The tit research impresses those trying to 
understand human personalities. “It epito- 
mizes the fantasy study that we psycholo- 
gists have,” but could never do, Gosling says. 


How personality could split species 

Alison Bell has spent a decade studying 
personality in a small, common fish, the 
three-spined stickleback. At the University 
of Illinois, Urbana-Champaign (UIUC), her 
team assesses individuals’ boldness by mov- 
ing an artificial predator through their tank 
and gauging their reaction, and by measur- 
ing how quickly and thoroughly they ex- 
plore a plastic kiddie pool. Some prove to 
be risk-takers, aggressive and extroverted— 
meaning that they readily intermingle with 
other fish. Others are the wallflowers of 
the aquatic world. Now, Bell and Simon 
Pearish of Norwich University in Northfield, 
Vermont, have found that those personality 
types drive the fish to segregate. 

Wearing snorkels, Pearish and Bell’s 
graduate student Miles Bensky, also at 
UIUC, collected more than 400 newly 
hatched sticklebacks from the Navarro 
River in northern California, noting 
whether each fish was found on its own 
or in a group. In Bell’s lab, they assessed 
each fish’s boldness and activity level, 
painted each one with a unique pattern, 
and then released them all back into the 
river. At first, the bold and shy fish were 
randomly distributed, but within 2 weeks, 
bold ones were in groups and shy ones 
were alone, Bell reported in January at the 
American Society of Naturalists meeting in 
Pacific Grove, California. 

By looking for marked fish, they found 
that shy individuals hadn’t simply moved 
out of the groups; they had vanished, most 
likely because they were not aggressive 
enough to compete for food in the group 
and had starved, or were too slow in re- 
acting to predators that homed in on the 
school. On their own, however, the shy fish 
thrived, because remaining still is an effec- 
tive antipredator defense. Bold fish, in con- 
trast, became targets when isolated. 

The finding suggests that personal- 
ity types could play a role in evolution 
by helping divide a species into separate 
populations. Such segregation can lead to 
further differentiation and, eventually, to re- 
productive isolation. “That is often 
the first step in models of speciation,” 
Duckworth says. 
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Birds solve a puzzle 


Using “puzzle boxes” feeding 
stations that require a bird to slide a 
door ina certain direction to open the 
box and get the food—researchers 

at a University of Oxford field site in 
the United Kingdom are exploring 
how traditions spread among great 
tits. The work is part of a larger 

effort to understand the birds’ social 
networks and how they are shaped 

by personalities. 


1 Asa great tit trained to solve the “puzzle” opens 
the box to reach the food, other birds observe. 


Social networks speed learning 


Mealworms 


2 Anobserver then tries to open the box while another 
bird looks on, and the tradition spreads. 


Birds at the field site wear microchips that make it possible to map their social connections, which are more 
extensive for birds with bold personalities. The networks affect how knowledge spreads through the flock. 


' . 
Social. *  * 


Asocial (yellow) and an asocial bird 
(green) are trained on the puzzle box. 


Some lizards are born to roam 

At the University of Toulouse in France, a 
population of lizards inhabits an artificial 
world: 48 interconnected, 10-meter-by- 
10-meter enclosures containing natural 
habitat, covered by a net to keep birds 
out. Nine years ago, evolutionary ecologist 
Julien Cote discovered that some of the 
lizards there have “social” personalities, 
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The skill (red) spreads faster from 
the social than from the asocial bird. 


Within 20 days, 72% of the great tits 
know how to work the puzzle box. 


whereas others tend to avoid dense gath- 
erings. Those loners, the team has found, 
sometimes stray so far that they wind up in 
an entirely different habitat. 

In the wild, such dispersal could spur the 
evolution of behavioral, physiological, or 
even morphological changes that differenti- 
ate the wide-ranging lizards from their stay- 
at-home peers. It could also affect the spread 
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of disease, as work with a different lizard in 
Australia has shown. Sih, UC Davis’s Orr 
Spiegel, and Michael Bull, an ecologist at 
Flinders University in Adelaide, Australia, 
put GPS tags on more than 70 sleepy lizards 
(Tiliqua rugosa) in the wild and tracked their 
movements and locations to see how they 
interacted with one another. The team then 
examined the lizards for tick infections and 
found that more docile animals— 
those that run away from fights— 
have more parasites than aggres- 
sive animals, most likely because 
the meek are more likely to crowd 
together in good hiding places or 
to stick so close to mates that ticks 
can make the jump. 

In Toulouse, Cote and his team 
are now investigating whether 
the balance of lizard personalities 
might shift as the global climate 
warms. To do so, they manipulate 
the temperatures of their enclo- 
sures. “If some personality types 
are selected in a warmer climate, 
it could reduce this variation in 
personality and have some unex- 
pected consequences,” Cote says. 
For example, more active lizards 
eat a wider variety of insects; 
if they start to predominate in 
warmer climates, they could drive 
down the number and variety of 
insects, perhaps affecting other 
aspects of the local community. 
“T have no doubt that personal- 
ity traits can have a cascading 
effect on ecosystem functioning,” 


Cote says. Docile 


@ Aggressive 


Spiders with a collective 
personality 

Anelosimus studiosus, a small, 
brownish U.S. spider, lives in 
groups of from two to two dozen 
individuals and can build car- 
sized webs capable of snaring a 
small bird or mammal. Over the 
past decade, behavioral ecolo- 
gist Jonathan Pruitt of UC Santa 
Barbara has determined that not 
only do individual spiders have 
personalities—bold and active or 
docile and inactive—but also that 
the mix of the two types gives 
each colony a distinctive “group personal- 
ity.” The group personality needs to fit the 
demands of the local environment if the 
colony is to survive, he and his colleagues 
reported in Nature in 2014. 

For years, Pruitt has looked at spider 
colonies located below and above several 
dams in Tennessee. Though quite near each 
other, these colonies occupy very different 


Ratio of personalities 
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environments: Plentiful insects—prey for 
the spiders—hatch from the stream below 
the dam, but far fewer emerge from the res- 
ervoir above it. 

In both cases, Pruitt found, individual 
spiders play distinct roles in the colony. 
Social insects also have a division of labor, 
but whereas bees and ants have castes of 
physically different insects that specialize in 


The spider’s stratagem 
Colonies of the social spider Anelosimus studiosus thrive with the help of 
the right balance of personalities: mainly aggressive when food is plentiful, 
attracting enemies, and mainly docile when food and enemies are scarce. 


Environment 
Ample food 


Scarce food 


creature took to uncurl. 

He found that the aggressive, quick-to- 
uncurl spiders serve the colony by killing 
the prey and any intruders, whereas their 
meeker counterparts tend the young and fix 
the cobwebs. “Having personality variation 
helps you develop [an] adaptive division of 
labor,” Pruitt says. “That makes the whole 
colony better” and may have helped foster 
the evolution of communal living 
among these arachnids. 

The proportions of each per- 
sonality varied depending on 
the location of the colony. Below 
the dam, the spiders’ prey-laden 
webs attracted interlopers—other 
spiders that preyed on food cap- 
tured by the web-builders. In 
those colonies, at least 60% of 
the spiders were feisty individu- 
als that could fend off these para- 
sites. In colonies above the dam, 
where prey—and freeloaders—are 
scarcer, most of the spiders were 
sedentary and passive, devoting 
as much of their energy as pos- 
sible to making efficient use of 
what little food they could cap- 
ture. There, “you have a pacifist 
egalitarian society good at living 
off very little,” Pruitt explains. 

To test the importance of those 
group personalities, Pruitt col- 
lected spiders from the wild and 
redistributed them in hundreds 
of artificial colonies—webs built 
on chicken wire that could be at- 
tached to the foliage. He varied 
the proportion of aggressive and 
docile individuals and installed 
the colonies either above or be- 
low the dam. The right ratio in 
the right place was key, he found. 
“The mix of aggressive and unag- 
gressive spiders has an effect on 
how the whole colony survives.” If 


Healthy web 


different tasks, the spiders all look alike. In- 
stead, personality defines their jobs. Pruitt 
assessed spider personality using a range of 
tests: If two spiders placed in a box together 
wound up on opposite sides, for example, 
he called them aggressive. When a spider 
was frightened into a ball by a puff of air 
that simulated a predator’s approach, he 
measured shyness by timing how long the 
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Unhealthy web 


the experimental colony had the 
same ratio of personality types 
as natural colonies from that lo- 
cation, the colony thrived. But if 
not, the colony went extinct (see 
graphic, left). Somehow, Pruitt 
says, colonies can recognize when 
the balance of personalities is off 
and adjust accordingly, with ag- 
gressive or meek spiders reproducing at dif- 
ferent rates. 

How colonies fine-tune their collective 
character is one of the many mysteries in 
research on animal personalities. And it 
won't be the last as biologists scrutinize the 
behavior of species more and more closely. 
After all, Ingley says, “if it moves, chances 
are that personalities are present.” & 
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ENVIRONMENTAL FILM FESTIVAL 


Fighting for our future 


IN MARCH 2016, the theaters, libraries, universities, and museums of Washington, D.C., were once again the setting for 
the Environmental Film Festival in the Nation’s Capital, an annual event (now in its 24th year) featuring more than 

140 Earth-friendly films. A number of the 2016 selections sought to celebrate the centennial of the U.S. National Park 
Service, highlighting how parks and protected areas play a vital role in the conservation and preservation of the Earth. 
Other films invited viewers to examine the powerful relationship between humans and the places we call home, probed 
the institutions driving climate policy, and revealed the resilience of communities confronting the early effects of global 
warming. Read on to learn what Science staff thought of 12 of this year’s featured films. 


The Babushkas 
of Chernobyl 


Reviewed by Kelly Servick 


or the past 30 years, the Ukrainian 
town of Pripyat has had just one of- 
ficial identity: a forbidden wasteland 
permeated with radioactive dust. The 
catastrophic explosion of a reactor at the 
Chernobyl] nuclear power plant in 1986 
prompted the permanent evacuation of 
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the entire city and all other areas within 
a 30-kilometer radius. But within months, 
hundreds of residents, undeterred by the 
risk of carcinogenic particles, had snuck 
back into the so-called exclusion zone to 
resume their lives. Now, an aging popula- 
tion of roughly 100 residents, nearly all 
of them women, subsists by planting, 
foraging, and fishing in a landscape that is 
slowly being reclaimed by nature. 
Filmmaker Holly Morris and her team 
spent 16 days inside the exclusion zone 
to document their lives, many of which 
were marked by the immediate threats of 
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poverty and war long before any vague 
risk of radiation. Her nuanced depiction 
in The Babushkas of Chernobyl defines 
the dangers of the exclusion zone through 
many eyes: the geophysicists and govern- 
ment employees who are its stewards, 
the defiant groups of young Ukrainians 
who periodically sneak in for a glimpse 
at their generation-defining disaster, and 
three exuberant “babushkas,” who tromp 
through their contaminated kingdom with 
wry humor and mind-boggling grit. 

The women featured in the story don’t 
show obvious health effects from the 
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exposure, and, in fact, the returned resi- 
dents have tended to survive longer on 
average than those who were displaced—at 
great emotional cost. At one point in the 
film, a government scientist explains that 
the residents choose to stay out of “igno- 
rance and a simple lack of knowledge.” But 
these women’s fierce attachment to their 
land makes it hard to dismiss their choice 
so easily. Theirs is an extraordinary case 
study for a more commonplace issue: our 
effort to weigh the risks of an increasingly 
inhospitable environment against the 
necessity of calling it home. 


The Babushkas of Chernobyl Holly Morris and 
Anne Bogart, directors. USA, 2015, 72 min. 


Ever the Land 


Reviewed by Jennifer Sills 


he Tuhoe people, or children of the mist, 

of the Maori tribe have suffered at the 

hands of the colonizing New Zealand 

government for more than a century. 
But Ever the Land is not a historical film. 
Rather, it is the story of a people who are 
ready to close the door on the troubles of the 
past and greet a new era of compromise, one 
that will allow them to preserve their culture 
and land for future generations. 
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The film takes place at the dawn of this 
new era, as a new treaty between the Tuhoe 
and the government goes into effect. The 
Tuhoe will receive a $170 million settlement, 
as well as an apology for past transgressions 
and renewed rights to the governance of 
the Te Urewera, the Tihoe’s native land. We 
join them in community meetings, where 
they discuss the first investment of funds: a 
new community center, designed to seam- 
lessly integrate with nature in accordance 
with the tribe’s traditions. We listen as the 
83-year-old architect, who will not live to 
see the project completed, explains the blue- 
prints and as his staff checks and rechecks 
the extensive list of local materials. We 
watch the community make clay bricks, one 
by one, from molds. Meanwhile, everyday 
life continues; children go to school, festi- 
vals showcase traditional dance and song, 
mothers tell their children bedtime stories 
about the god who punishes those who pol- 
lute the river, and men gather to grill meat 
and share stories. 

The documentary is unembellished; 
there are no soaring strings to imbue 
events with emotion, no interviews to 
provide context, no titles to identify the 
people shown on the screen, and no omni- 
scient narrator. The viewer is not so much 
a spectator as a witness, quietly observ- 
ing the Tuhoe people as they take part in 
the innumerable mundane moments that 
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cumulatively bring about change. 

Finally, the official government apology is 
broadcast, and the community center opens 
with great fanfare. Yet, even as members of 
the tribe celebrate their reclaimed rights to 
the land, they maintain that they are not 
its owners, but rather its guardians. For the 
Tuhoe, “there is nothing else that brings 
prosperity; it’s only always ever the land.” 


Ever the Land Sarah Grohnert, director. New 
Zealand, 2015, 93 min. 


Good Things Await 


Reviewed by Dorie Chevlen 


his Danish film paints Niels Stok- 
holm’s biodynamic farm Thor- 
shgjgaard into a picture of hyperbolic 
beauty: sweeping shots of verdant 
landscape, sensitive close-ups of leaves 
dripping with morning dew, and sumptu- 
ous sunsets, all accompanied by goose- 
bump-raising vocals of an a capella choir. 
First developed by philosopher Rudolf 
Steiner (whose thick tome on the sub- 
ject Stokholm keeps readily available for 
curious readers), biodynamic farming is a 
holistic approach to agriculture that treats 
soil fertility, livestock care, and vegetation 
growth as one self-sustaining organism. 
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In Ice and the Sky, -glaciologist 
Claude Lorius reflects on the 
history of climate research and 

the future of the warming planet. 


Throughout the film, the octogenar- 
ian farmer Stokholm, who with his white 
beard and flannel looks like a sort of 
agrarian Gandolf, waxes poetic about the 
interconnectedness of the Earth and the 
importance of protecting the farm’s natural 
rhythms. Barely alluded to is the real- 
ity that all the animals so lovingly raised 
on this utopian property are eventually 
slaughtered. The one scene that even hints 
at this less-than-picturesque reality—a 
brief shot of a bright rivulet of blood cours- 
ing through the dirt—is more painterly 
than PETA-provoking. 

After watching Stokholm cradle baby 
calves and tenderly pluck carrots from his 
chemical-free fields, it’s tempting to de- 
clare his biodynamic system the ideal ag- 
ricultural model. And yet, underlying this 
pastoral Arcadia is the threat of both legal 
and financial troubles. The Danish author- 
ities disapprove of the freedom Stokholm 
grants his cattle, which they argue poses 
a safety risk. In a telling scene toward the 
end of the film, Stokholm recounts an ex- 
perience in which he was gored by an ox 
and badly injured. Speaking nonchalantly 
into the camera, he defends the ox and, 
more shockingly, forgives it. But, then 
again, not doing so would only prove the 
authorities right. 

If Good Things Await fails in convincing 
viewers of the superiority of biodynamic 
farming, it’s only because, for all its cin- 
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ematographic power, it cannot undo the 
reality that this world is one of love and 
beauty, yes, but also of blood. 


Good Things Await Phie Ambo, director. 
Denmark, 2014, 95 min. 


Catching the Sun 


Reviewed by Marc Lavine 


ould a switch from fossil fuels to 
solar power create or destroy more 
jobs? Would the installation of solar 
panels on houses and businesses em- 
power individuals and communities? Would 
it truly shift wealth from megacorporations 
to the less wealthy? Although not directly 
asked, these questions emerge from the 
stories told in Catching the Sun from 
filmmaker Shalini Kantayya. The docu- 
mentary begins by detailing the health and 
environmental consequences of the 2012 
Chevron fire and explosion in Richmond, 
California. The disaster became a catalyst 
for the environmental movement and 
shined a spotlight on the close relationship 
between Chevron and the local govern- 
ment, as Richmond’s mayor at the time, 
Gayle McLaughlin, describes in the film. 
Against this backdrop, Kantayya 
proceeds to focus on companies, entre- 
preneurs, activists, and nonprofits in the 
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United States and China who are trying to 
advance the solar revolution. A key theme 
emerges through interviews with Van 
Jones, author of The Green Collar Econ- 
omy, who sees solar energy as a way to be 
more environmentally responsible while 
also creating jobs, particularly in low- 
income communities. We see the potential 
for the latter in the work of Solar Rich- 
mond, a nonprofit that offers training and 
green business ownership opportunities for 
low-income and underemployed residents. 
One would think that this sort of win-win 
situation would be politically appealing, 
but many barriers prevent widespread 
adoption, particularly in the absence of a 
clear national policy. 

In contrast, Wally Jiang is able to grow 
his Chinese solar business by 50% a year 
through the support of the government. In 
the film, we see his attempts to advance his 
business as he pursues a range of inter- 
national partnerships. Catching the Sun 
is thin on numbers, from how much solar 
technology really costs to how well it might 
integrate into the electricity grid on a large 
scale to a proper comparison of the suc- 
cesses of different countries in implement- 
ing renewable energy. But it does show the 
personal side of solar energy and is thus an 
important part of the broader story. 


Catching the Sun Shalini Kantayya, director. 
USA, 2015, 74 min. 


sciencemag.org SCIENCE 


PHOTO: WILD-TOUCH 


comas Orey 


ath} 


Downloaded from 


INSIGHTS | BOOKS 


PHOTO: WOMEN AND WATER 


Ice and the Sky 


Reviewed by Brent Grocholski 


laude Lorius arrived in Antarctica for 

the first time in 1956 on a trip that 

lasted 16 months but hooked him into 

a life dedicated to returning to the 
bitter cold. Ice and the Sky is a film that 
traces the French glaciologist’s life and 
discoveries. Director Luc Jacquet combines 
Lorius’s commentary with archival footage 
of his scientific expeditions that range from 
the bare-bones three-man operation in 
1956 to the much larger international deep- 
ice-drilling collaboration at the Vostok 
research base decades later. Interspersed 
are more recent scenes depicting the bright 
and brilliant landscapes of Antarctica as 
Lorius, now in his 80s, makes what may be 
his final return to the continent. 

Lorius’s discoveries had a profound 
impact on our understanding of climate 
change. He was the first to recognize that 
tiny gas bubbles trapped in ancient ice tell 
a story of our planet’s temperature in the 
deep past. The film succeeds in demon- 
strating the strong tie between greenhouse 
gases like CO, and temperature, making 
the connection between humans and 
global warming obvious. Surprisingly, it 
was the discovery of radioisotopes from an 
atmospheric nuclear test, not the results of 
his own research, that eventually shocked 
Lorius into the realization that no place on 
Earth has escaped the imprint of humanity. 

Despite having recognized and raised 
the alarm about human-induced climate 
change decades earlier than most, Lorius 
strikes an optimistic tone about the poten- 
tial for humanity to avert disaster. “Man 
is never so sublimely in his element than 


Access to clean, safe water 
sources remains out of reach for 
many women in India. 
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when faced with adversity,’ he maintains 
near the end of the film. Perhaps we should 
expect nothing less from a man who knows 
the power of teamwork to overcome what 
seem to be insurmountable obstacles. 


Ice and the Sky Luc Jacquet, director. France, 
2015, 89 min. 


Women and Water 


Reviewed by Carolyn Gramling 


young Indian woman, heavy with 

child, carries a bright yellow plastic 

urn to the village well. Eight times a 

day, she hauls water from the well and 
carries it home to prepare food; wash chil- 
dren, floors, and pots; and tend to crops. 
She visits an obstetrician, who tells her 
she must not lift heavy things. The woman 
nods, expressionless. 

There are few words in the film Women 
and Water; only occasional quiet narration 
from its subjects and the ambient sounds 
of their work punctuate the often stunning 
visuals. But Spanish filmmaker Nocem 
Collado still tells a powerful story of 
modern India’s water woes: rivers choked 
with trash, sewage, and chemical waste; 
mosquito-borne diseases; and women trav- 
eling long distances to fetch water. 

Four “stories,” each loosely centered on 
a different woman, anchor the film: the 
expectant mother; a village woman who 
travels 5 hours a day to fetch water from 
a distant well; a rubbish collector in the 
slums of Mumbai; and a member of the 
“untouchable” caste. The film watches 
them unflinchingly as they go about their 
often-grueling daily chores and worry 
about their children’s health and futures. 
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It makes a strong case that the country’s 
water-related hardships disproportionately 
affect women, who must find ways to chan- 
nel the water to their families. 

The film ends quietly; it offers no sug- 
gestions for management, little sense of the 
historical context in which these problems 
arose, and, consequently, little hope for 
the future. One expert interviewed in the 
film cites Mahatma Gandhi’s famous quote, 
“Sanitation is more important than politi- 
cal independence,” made nearly a century 
ago. In recent decades, the country has 
launched several campaigns—the latest in 
2014—to bring clean toilets to every one of 
its people and end open defecation. Sanita- 
tion is only one of the many environmental 
challenges India faces. It will be, to say the 
least, an uphill climb. 


Women and Water Nocem Collado, director. 
Spain, 2014, 58 min. 


How to Let Go 
of the World 


Reviewed by Julia Fahrenkamp-Uppenbrink 


his unusually uplifting film about 

climate change starts and ends with a 

dance. At the start, filmmaker and nar- 

rator Josh Fox dances with joy because 
local protests have prevented oil and gas 
exploration in Delaware—only to realize 
that this local victory is not enough: The 
warming climate is allowing parasites to 
spread north, destroying hemlock forests 
in their wake. 

Interviews with climate scientists and 
activists follow, painting a bleak picture, 
and Fox almost gives in to despair. As the 
camera zooms out on him lying on the 
snowy ground, he looks up into the sky at 
“all those greenhouse gases hanging there 
like a century of human regret.” 

Yet at the end of the film, he is dancing 
with joy again, having found hope in human 
courage, resilience, ingenuity, and civil dis- 
obedience around the world in the face of 
climate change. He has seen climate scien- 
tists lost for words at the scale of the chal- 
lenge; he has watched an activist reduced to 
tears as his ancestral land is washed away 
by sea-level rise. But he has also joined local 
activists cleaning up oil spills from rotting 
pipelines in the Amazon, interviewed in- 
digenous people in Ecuador who prevented 
oil exploration on their lands, blocked coal 
tankers from leaving port with the Pacific 
climate warriors, and met a tribal leader 
who is helping to bring solar power to one 
of the poorest regions in Zambia. 
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Four unlikely gardeners work to change their lives and neighborhoods, one plant at a time, in Can You Dig This. 


What unites these people is that they 
imagine a different world; that they believe 
they have a choice and are taking respon- 
sibility. Told in a highly personal and idio- 
syncratic style, How to Let Go of the World 
does that rare thing: inspires hope in the 
face of climate change. 


How to Let Go of the World (And Love All the 
Things Climate Can't Change) Josh Fox, director. 
USA, 2016, 125 min. 


Merchants of Doubt 


Reviewed by Laura M. Zahn 


’m not a scientist, although I do play one 
on TV occasionally,’ says Marc Morano, 
founder of the climate-change-denying 
website ClimateDepot.com. This state- 
ment summarizes the premise of Merchants 
of Doubt, a film that exposes the public rela- 
tions tactics that are employed to cast doubt 
on science. Based on Naomi Oreskes and 
Erik Conway’s 2010 book of the same name 
(reviewed in Science, 4 June 2010, p. 1230), 
the film explores the early groundwork laid 
by the tobacco companies to sell “doubt [as] 
our product” and examines how tactics to 
deny science have been, and continue to 
be, applied to flame retardants and, most 
prominently, climate change. 

The film features interviews with players 
on both sides of these contentious issues. 
With some notable exceptions, most of 
those on the “science side” of the debate 
are scientists, whereas their counterparts 
appear to be people with no scientific 
expertise who are hired to seed uncertainty 
among nonexperts by those with interests 
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contrary to scientific results. Interestingly, 
these individuals often function as publi- 
cists across a slew of topics, writing letters 
to Congress discouraging stricter cigarette 
laws one day and op-ed pieces questioning 
global warming the next. 

Despite the fact that there is almost no 
debate in the scientific community regard- 
ing human-caused climate change, a small 
but well-funded group of individuals is suc- 
ceeding in spreading misinformation and 
creating skepticism in the American public. 
If we as a scientific community choose to 
ignore this reality, we’re only making their 
jobs easier. 


Merchants of Doubt Robert Kenner, director. 
USA, 2014, 96 min. 


Can You Dig This 


Reviewed by Nick Wigginton 


ity residents living in “food deserts” 

lack easy access to grocery stores 

or other healthy food options. This 

situation disproportionately occurs in 
low-income communities, lowering overall 
public health and exacerbating inequality. 
Ron Finley of South Los Angeles, one of 
the primary subjects of Can You Dig This, 
paints an even grimmer picture. He likens 
the situation to a “food prison,” whereby 
permission is often required to simply 
grow food in cities. 

Through a series of intimate portraits, 
filmmaker Delila Vallot shines a light on 
not just the challenges of urban farming as 
they pertain to environmental justice but 
of overall urban life in Los Angeles. For her 
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subjects, gardens represent more than just 
access to healthy food. An ex-con living in 
a halfway house finds refuge in his garden 
as he adjusts to life outside of prison. A 
school-age girl, bursting with enthusiasm, 
connects with her family and neighbors 

in public housing over her garden. In a 
community garden, an occasional drug 
dealer finds purpose and love with a fellow 
gardener, an ex-gangbanger struggling to 
achieve her dream of becoming a nurse. 

As the film implies, urban farming 
should not simply focus on sustainability 
or solving the challenges of food deserts. 
We should recognize that urban gardens 
provide a chance to plant more than just 
food. One can plant ideas, plant hope, 
plant love, plant purpose. As Finley appeals 
to the audience during his 2013 TED talk: 
just #plantsomeshit. 


Can You Dig This Delila Vailot, director. USA, 
2015, 80 min. 


An American Ascent 


Reviewed by Lauren Kmec 


n his famous speech, Martin Luther 
King Jr. declared, “I have a dream that 
one day every valley shall be exalted, 
every hill and mountain shall be made 
low.” Flashbacks to this speech are featured 
in An American Ascent, which chronicles 
the journey of nine African-American 
mountaineers as they endeavor to climb 
Denali, North America’s highest peak, on 
the 100th anniversary of its first summit. 
Accompanied by four guides, the men and 
women set out to test their personal limits 
and challenge people of color to rethink 
their relationship with the great outdoors. 
Most of the climbers have never attempted 
a trek of this magnitude, and many 
encounter disapproval from their peers, 
yet they are compelled to show that the 
natural world is a place for everyone. 

The film deftly balances commentary 
from the climbers with footage of their 
excursion. The landscape is awe-inspiring, 
yet it is clear that climbing Denali will 
be no easy feat. Aside from challenges 
presented by the altitude, the mountain- 
eers grapple with other difficulties: One 
man suffers a dislocated shoulder but is 
determined to press on. Rock slides and 
snow squalls materialize in minutes. More 
than once, the team is forced to retreat to 
its previous camp after several hours of 
climbing. But the film also features lighter 
moments. At one point, we see the climb- 
ers relaxing at a campsite while trading 
stories with others from around the world. 
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Their camaraderie is a joy to watch. 

On day 19, the climbers attempt to reach 
the summit, but a dangerous electrical 
storm foils their plans. With food and 
supplies running low, they must turn back 
without making another effort. Although 
their disappointment is palpable, it soon 
gives way to an enormous sense of pride 
in having proven that nature’s charms are 
accessible to all people, regardless of race 
or cultural background. 


An American Ascent George Potter and Andy 
Adkins, directors. USA, 2015, 66 min. 


Bluespace 


Reviewed by Barbara Jasny 


luespace uses the possibility of 

terraforming Mars as a (sometimes 

loose) organizing principle for exam- 

ining Earth’s endangered ecosystems. 
The film is divided into three parts. In the 
first, “The Imagined World,” the “canals” 
of Mars—long, straight lines observed by 
early astronomers that were once believed 
to be evidence of intelligent Martian 
life—are juxtaposed with images of snow- 
covered roads and the canals of Venice. 
Although no one currently expects to find 
little green men on Mars, the possibility 
that the remains of microbes might be 
discovered underneath or within rocks is 
still within the realm of reality. 

In the second section, “A Gardened 
World,’ the film offers tantalizing glimpses 
and mentions of life in extreme environ- 
ments on Earth (including the specter of 
new species being formed in toxic waste 
sites). Although there are some who 
believe that we should not contaminate 
or alter Mars, science fiction writer Kim 
Stanley Robinson offers a controversially 
different opinion in the film: “If Mars has 
life, we should encourage it; if not, we 
should share with it.” 

Touching briefly on people who are 


If rising seas ultimately imperil our existence on 
Earth, might Mars be made hospitable to humans? 
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attempting to simulate Martian conditions 
here on Earth, the third section, called 
“A Most Liquid World,” focuses mostly on 
footage of destroyed structures and land- 
scapes and distressed people left in the 
wake of Hurricanes Sandy and Katrina. 
The take-home lesson is that perhaps we 
are not very well adjusted to our own, 
changing, world and that we should focus 
on getting things right on Earth before we 
consider terraforming another planet. 
Bluespace, while raising some interesting 
ideas, needed better editing. Additionally, 
the affiliations of the various people who 
appear in the film provide some context 
but, unfortunately, don’t appear until the 
closing credits. Despite its uneven presen- 
tation, the documentary offers an interest- 
ing take on an unusual topic. 


Bluespace Jan Cheney, director. USA, 2015, 
71 min. 


Poached 


Reviewed by Caroline Ash 


oached is a film about the obsession 

that drives some Englishmen to ex- 

tremes to collect wild bird eggs. These 

men will climb trees and cliffs—several 
have fallen to their deaths—in pursuit of 
eggs. Those of rare birds of prey, including 
ospreys, peregrine falcons, and hen and 
marsh harriers, are esteemed, but most 
prized of all are golden and white-tailed 
eagles. It seems that the more inacces- 
sible the nest and the more vigilant the 
protection officers, the stronger the drive 
to collect becomes. 

The anomie and secretiveness that 
surround this illicit pastime are shock- 
ing. One man, encased in a rubber bird 
skull, is full of threats of revenge against 
law enforcement. He clearly fears being 
imprisoned, yet still boasts that he will 
never be caught. Many “eggers” identify 
as bird lovers, yet seem unable to con- 
front the consequences of their behavior. 
Despite some beautiful footage of birds, 
ultimately, the film is unsatisfactory, and 
too many questions are left unanswered. 
What about the effect of bird collecting on 
bird populations? Could not the obsessives 
be converted into equally ardent conser- 
vationists? Although the environmentalist 
message might be lacking, this is neverthe- 
less a powerful film exploring personalities 
gripped by obsession. 


Poached Timothy Wheeler, director. UK, 2015, 
90 min. 
10.1126/science.aaf9096 
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Measuring slow slip offshore 


Monitoring changes in the seafloor might be used for 
earthquake and tsunami forecasting 


By Anne M. Tréhu 


sunami earthquakes are rare events 
and are distinguished by an anoma- 
lously shallow source depth and 
slow rupture propagation speed (J, 
2). They can be particularly danger- 
ous because they generate less high- 
frequency seismic energy than a normal 
earthquake; consequently, they are not 
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preceded by the strong shaking that would 
warn coastal residents that a locally gener- 
ated tsunami is on the way. A better under- 
standing of the range of slip behaviors in 
the offshore portion of subduction zones is 
needed to constrain models and improve 
earthquake hazard forecasts. On page 701 
of this issue, Wallace et al. (3) present the 
first offshore geodetic data from a slow-slip 
event on the Hikurangi subduction zone 
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offshore from New Zealand (see the figure). 
This segment of the Hikurangi subduction 
zone is unusual in that it experienced two 
“tsunami” earthquakes in 1947. Continu- 
ous global positioning system (GPS) in- 
strumentation onshore indicates that the 
southern part of the subduction zone is 
locked above a plate depth of ~40 km, with 
slow-slip events occurring at greater depth, 
similar to what is observed in many other 
subduction zones (4, 5). In contrast, the 
northern part of the Hikurangi subduction 
zone appears to accommodate plate motion 
primarily through geodetically detected 
slow-slip events at shallow depths. The up- 


College of Earth, Ocean, and Atmospheric Sciences, 
Oregon State University, Corvallis, OR 97331-5503, USA. 
Email: trehu@coas.oregonstate.edu 
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Map of the Hikurangi subduction zone. Box shows the region discussed by Wallace et al. (3); red, blue, and yellow lines 
show results from previous models (10, 11). The deformation front represents the seafloor position of the subduction zone 
fault (dashed black line). Contours show depth to the top of the subducting plate (orange). A model for total slip summed 
over all detected slow-slip events from 2002 to 2010 is shown as blue contours (contour interval 10 cm from an initial 
value of 5 cm). An elastic model for interplate coupling assumes 100% coupling at the deformation front (red); contours 
are shown at 20% intervals with peach shading highlighting coupling >60%. Blue shading shows the region that slipped in 
the September/October 2014 slow-slip event, with the position of offshore APGs shown as small white squares. The main 
slip patch is farther offshore than indicated by the blue contours. Although it appears that slow slip tapers off toward the 
deformation front, whether the slip deficit is being stored for future release in an earthquake or being dissipated through 


aseismic creep that is too slow to be resolved with a 1-year deployment of APGs uncalibrated for drift is unresolved. 


dip extent of slow slip, however, cannot be 
determined from onshore data only, and 
offshore locking models depend strongly 
on model assumptions. 

If the plates are assumed to be elastic 
and fully locked at the deformation front, 
an unusually shallow and narrow locked 
zone is expected, which implies a high risk 
of future tsunami earthquakes. However, 
it is likely that the response of the outer 
accretionary wedge to slow-slip events is 
more complex because of the rheological 
and frictional properties of sediments at 
low temperatures and pressure (6, 7). Un- 
fortunately, the outer wedge is offshore in 
most subduction zones. It is therefore in- 
accessible to GPS surveys of the kind that 
have shed so much light in the past two 
decades on the broad range of slip modes 


SCIENCE sciencemag.org 


that occur on plate boundary faults. Direct 
measurements of offshore deformation be- 
fore, during, and after major earthquakes 
are very limited (8). Seafloor geodetic mea- 
surements off Japan suggest that some 
earthquakes may be preceded by slow slip 
and that large, rapid slip in the seismogenic 
zone can trigger tsunamigenic slip to the 
trench in sediments that might usually be 
expected to accommodate plate motion 
through aseismic deformation (8). 

The need for seafloor geodesy has been 
widely recognized for decades (9). Imple- 
mentation, however, has been slow because 
of the large costs associated with establish- 
ing acoustic networks in the ocean to link 
seafloor measurements to surface ships 
for campaign-style surveys or with auto- 
mated underwater vehicles and buoys to 
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provide the continuous data needed to re- 
solve slip modes in real time. This has led 
to development of alternative techniques 
for obtaining seafloor geodetic data such 
as differencing of swath bathymetric data, 
seafloor and borehole strain meters, and 
arrays of absolute pressure gauges (APGs), 
which measure changes in the mass of 
overlying ocean, from which seafloor uplift 
or subsidence can be determined (8). Be- 
cause of their relatively low unit cost, APGs 
can achieve the spatial coverage needed 
to understand complex environments, al- 
though there are a number of challenges 
to be overcome, including long-term sen- 
sor drift and separation of tectonic signals 
from oceanographic effects. 

Wallace et al. present an excellent test 
case for the use of APGs for seafloor geod- 
esy because, based on the recent history of 
slow-slip events here, it was possible to an- 
ticipate a time window that would capture 
an event with a duration of a few weeks 
(short enough to be distinct from sensor 
drift) and because the nearby onshore GPS 
network was available for distinguishing 
likely tectonic signals from oceanographic 
signals of similar amplitude and wave- 
length. The results show that slip during 
the 2014 slow-slip event extended farther 
offshore than had been indicated by models 
for previous events developed using only 
onshore data. 

Several seafloor geodetic experiments 
using a variety of approaches are currently 
under way or in the planning phase, and 
methods for in situ calibration of APGs 
are being tested (8). Over the next several 
years, these projects are sure to chip away 
at uncertainties in the partitioning of plate 
motion between seismogenic slip and aseis- 
mic slow slip or creep in subduction zones 
and in the role of the outer wedge in the 
generation of tsunamis. The results of these 
projects should ultimately lead to better 
strategies for earthquake and tsunami fore- 
casting and early warning. & 
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POLYMER GROWTH 


Self-assembly creates 2D materials 


Carefully chosen mixtures of polymers form rectangular platelets in solution 


By Matthias Ballauff 


elf-assembly (7) of suitable molecules 
and of polymers is a central issue in 
modern nanotechnology: Once in 
solution, suitable building blocks 
should assemble in a highly precise 
manner to yield much larger, supra- 
molecular objects tailored for a particular 
function (2). Self-assembly into one-dimen- 
sional (1D) micelles with defined length 
and composition has been achieved (3, 4), 
but on page 697 of this issue, Qiu et al. (5) 
describe a decisive step toward 2D systems: 
By combining the self-assembly by epitaxial 
crystallization of semicrystalline block co- 
polymers (BCPs) mixed with homopolymers 
in judiciously chosen solvents, they created 
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Block copolymers (BCPs) 

Two polymers, PFS and PI, are 

linked; initially, both are well 

solvated and chains move freely | 


a process that leads to highly defined rectan- 
gular platelets. Manipulation of these nearly 
defect-free platelets gives rise to a new class 
of nanoscale objects that may have a wide 
range of applications. 

Self-assembly is very common in na- 
ture. For example, lipids assemble into 2D 
bilayers that are the basic structures of all 
biological membranes and cells. In syn- 
thetic systems, surfactants assemble into 
micelles, which provide the basis for many 
household applications and technologies, 
and BCPs assemble into 3D structures that 
may be fully defined in three directions (2, 
6). The obvious difficulty in self-assembly, 
however, is that it needs to be directed—the 
molecules or building blocks should target 
the desired structure and avoid the forma- 
tion of unwanted or faulty objects. Thus, in- 
tense research is directed toward processes 
that allow self-assembly of building blocks 
to be controlled in a fully defined way. 


Ye @ 
\? 


Semicrystalline 


BCP monomer wore 


The PFS crystallizes and 
forms a solid core which is 
solvated by the chains of PI 


One-dimensional 
cylindrical micelle 


Additional BCP will 
crystallize epitaxially onto 
the cores and composition 
can be changed by 
replacing PI with other 
polymers (yellow) 


Two-dimensional platelet 
The 1D micelle can serve as a template 
to grow the 2D shape epitaxially 


The work of Qiu et al. originates from the 
discovery that BCPs containing a block from 
poly(ferrocenylsilane) (PFS) may be used to 
generate semicrystalline micelles of equal 
length (3). The authors coupled PFS to a sec- 
ond, noncrystalline polymer such as polyiso- 
prene (PI) or polysiloxane. PFS then forms a 
crystalline core, and the soluble block pro- 
trudes into solution and provides colloidal 
stability of the resulting micelles. Manners, 
Winnik, and co-workers have named such 
processes “crystallization-driven self-assem- 
bly” (CDSA), and CDSA of semicrystalline 
BCPs has become a very versatile process (7). 
In particular, Wang et al. (3) demonstrated 
that CDSA can be run as a “living” polymer- 
ization. Small micelles serve as seed particles 
onto which the PFS-copolymers crystallize 
epitaxially. All of the seeds grow with equal 
probability, and growth stops only when all 
monomers, namely the free BCP, have been 
used up. Hence, all micelles are nearly of 


Rectangular rings 

It's then possible to move 
material from the center to 
create hollow shapes 


Crystallization-driven self-assembly. One-dimensional nano-objects were generated by block copolymers (BCPs) (1), where one block crystallizes to form the core and the 
noncrystallizable block protrudes into solution (2). Additional BCPs will crystallize epitaxially on the cores (3). Qiu et al. extend this approach to 2D objects. A rodlike semicrystalline 
micelle with defined length is used as a core (4) onto which a mixture of homopolymers and BCP is crystallized epitaxially in solution. Material from the center can be removed to 


create hollow frames (5). 
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equal length (3). Manners, Winnik, and co- 
workers have shown that this approach can 
be extended to the generation of very well- 
defined micellar BCPs (see the figure) (4). 
Labeling by fluorescent dyes verifies the high 
definition of these objects. Thus, CDSA pro- 
vides the access to 1D objects with fully de- 
fined length and sequence. 

Qiu et al. performed the next step and 
achieved full 2D control. In earlier work (8), 


(14 


...the platelets formed by 
controlled 2D self-assembly 
add a new building block to 
nanotechnology.” 


they extended CDSA to 2D epitaxial growth 
of micelles with lenticular shape (2). The lat- 
est approach uses epitaxial crystallization 
on a cylindrical seed micelle. To this core, a 
mixture of a BCP from PFS and poly(2-vinyl- 
pyridine) (P2VP) and the homopolymer PFS 
is added in a solvent chosen to selectively 
solubilize the different blocks. Self-assembly 
leads to rectangular, fully defined platelets. 
The ratio of the BCP to the homopolymer 
controls the aspect ratio of these objects that 
can grow up to a size of 60 um by 10 um. 
Hence, a living 2D CDSA has been achieved, 
resulting in platelets with internal structure 
and nearly without defects. Qiu et al. explain 
the high definition of the platelets in terms of 
a simple geometric model. 

In additional studies, one of the BCPs 
(P2VP) was cross-linked by addition of 
platinum nanoparticles. Dissolution of the 
non-cross-linked cores led to stable hollow 
nanoframes that could be manipulated by op- 
tical tweezers and laid down on a substrate. 
Thus, the platelets formed by controlled 2D 
self-assembly add a new building block to 
nanotechnology. These systems may open 
the way to a large number of applications in 
vastly different fields, ranging from sensors 
to microelectronics (9). At the same time, the 
2D self-assembly having a precision near to 
crystallization presents a fundamental obser- 
vation to be studied in further detail. ® 
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PROTEIN DESIGN 


Inspired by nature 


Designed proteins have structural features 
resembling those of natural active sites 


By Ravit Netzer and Sarel J. Fleishman 


ver the past decade, scientists have 

made exciting progress in designing 
protein folds entirely on the computer 

and then successfully synthesizing 

them in the laboratory (J-5). These 
designer proteins had the same struc- 

ture in experiment as in the model and were 
very stable; however, they lacked important 
structural features seen in protein interfaces 
and enzyme active sites. In two reports on 
pages 680 and 687 of this issue, Boyken et 
al. (6) and Jacobs et al. (7) use the Rosetta 
biomolecular modeling software to design 
proteins that include some of these features. 
Experiments show that these new designs 
retain high structural precision and stability. 
Although understanding and control of 
biomolecular structure are far from com- 
plete, the high precision and stability ob- 
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function, often at the expense of stability. 
Numerous molecular structures of natural 
proteins show that the active site is the pro- 
tein’s most energetically perturbed region, 
with multiple same-charge chemical groups, 
buried polar atoms, hydrophobic surfaces 
exposed to water, or broken and twisted a 
helices and B sheets. Can design algorithms 
be extended to encode such features, and if 
so, do the resulting proteins still show high 
stability and precision? 

To address this question, Boyken et al. 
aimed to design buried hydrogen bonds in 
protein-protein interfaces starting from de- 
signed helical coiled coils. In nature, polar 
interactions encode high-precision binding 
specificity; these interactions typically re- 
quire supporting networks of polar groups 
on both binding partners for accurate posi- 
tioning (see the first figure). Because of this 
complexity, designed binding partners in 


Designed 


Designed coiled-coil specificities using polar interaction networks. Natural protein-protein interactions (Such as 
those seen between barnase and its natural inhibitor, barstar; PDB entry IBGS) are often dominated by intricate hydrogen- 
bonding networks that involve both side-chain and backbone atoms for accurate preorganization. Boyken et al. have 
designed coiled coils that interact via side chain-only hydrogen-bond networks (such as design 2L6HC3_13 shown here). 


served in earlier design experiments (7-5) 
are clearly essential ingredients for designing 
enzymes and binding partners from scratch. 
But natural proteins have other features that 
are crucial for fulfilling their molecular func- 
tion. Computer algorithms optimize surface 
polarity, core hydrophobicity, and backbone 
regularity; in a nutshell, they optimize sta- 
bility. By contrast, evolution selects proteins 
for their ability to perform a vital molecular 
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previous work have not contained elaborate 
polar networks (8). 

To overcome this limitation, Boyken et al. 
designed a large repertoire of coiled coils, in- 
cluding novel topologies of dimers, trimers, 
and tetramers. They developed an algorithm 
(called HBNet) to find side-chain constella- 
tions in which all polar atoms are connected 
through stabilizing hydrogen-bond networks 
(see the first figure). The authors then syn- 
thesized 114 designed oligomers and charac- 
terized the structures of various topologies. 
Most of them showed high precision rela- 
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tive to the models, formed only the intended 
oligomers, and were stable at temperatures 
as high as 95°C. 

Furthermore, the hydrogen-bond net- 
works in these oligomers were reminiscent of 
the simplicity and elegance of the DNA dou- 
ble helix, where every base on one strand is 
paired to a complementary base on the other 
through buried hydrogen bonds. Inspired 
by the double helix, Boyken et al. designed 
long coiled coils built from modular parts, 
each with its own constellation of polar side 
chains. These modular coiled coils may pro- 
vide the basis for a new generation of protein- 
based molecular structures of programmable 
shape, similar to DNA origami. Unlike DNA, 
however, these assemblies could be easily in- 
terfaced with proteins of desired function. 

Jacobs et al. address a complementary 
question: how to construct new proteins 
with features seen in protein active sites, 


Natural 


‘) Surface cavity 


diverse geometries, including some with cav- 
ities that could allow small-molecule binding 
(see the second figure). Three designs were 
hyperstable; moreover, the molecular struc- 
ture of one of them precisely recapitulated 
the computational model, and another re- 
quired a further round of computations to 
fix a design flaw. 

Jacobs et al.’s modular design approach 
has natural and protein-engineering paral- 
lels; indeed, gene recombination is the main 
means of diversification in natural protein 
families and is regularly used by protein en- 
gineers (9). The new work extends the reach 
of modular design to combinations of frag- 
ments from nonhomologous proteins, for 
which genetic recombination is unlikely. 

The remarkable selectivities and efficien- 
cies seen in natural protein binders and en- 
zymes require a balance between stabilizing 
features that specify molecular structure 


Designed 


er\K 
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Toward designed active sites. Protein active sites often contain features such as cavities, long unstructured regions, 
and kinked helices. For example, a cavity on the surface of influenza hemagglutinin (wheat, PDB entry 4YY1) is used by 
the virus to attach to glycosylated receptors on the surface of the host cell. Jacobs et a/. have designed novel proteins 
that contain features such as surface cavities (such as design CAO] shown here). 


such as cavities, long unstructured regions, 
and kinked helices (see the second figure). 
The authors first developed an algorithm 
(called SEWING) that generated a “parts 
list”: thousands of backbone fragments ob- 
served in natural proteins. They then defined 
structural rules that determine which pairs 
of backbone fragments could be joined and 
ran computer simulations in which three or 
four fragments were combined and subjected 
to sequence optimization. 

This strategy of modular design allowed 
Jacobs et al. to tap into an enormous space 
of potential backbones (more than 10"), ev- 
ery fragment of which has been tested and 
retained by natural evolution and is there- 
fore inherently stable. Furthermore, because 
each protein is built from natural fragments, 
the designs contain the structural idiosyn- 
crasies observed in nature, including kinked 
helices and surface cavities. The authors ex- 
perimentally tested 21 SEWING designs with 
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and functional features that are often de- 
stabilizing (10). Although the two studies do 
not attempt to design new molecular activi- 
ties, they show a high level of control over 
biomolecular shape and interactions that 
brings us a step closer to realizing this goal. 
Future studies will show how this delicate 
balance between stabilizing and functional 
features could be leveraged to design new 
binding specificities and activities com- 
pletely on the computer. 
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CANCER IMMUNOLOGY 


The “cancer 
immunogram” 


Visualizing the state of 
cancer-immune system 
interactions may spur 
personalized therapy 


By Christian U. Blank,’? John B. Haanen,'” 
Antoni Ribas,* Ton N. Schumacher” 


he impact of cancer immunotherapy 
on clinical cancer care is growing 
rapidly. However, different immuno- 
therapies remedy distinct problems 
in cancer-immune system interac- 
tions. What would be the most effec- 
tive therapy for an individual patient? 
Here, a framework is proposed for describ- 
ing the different interactions between can- 
cer and the immune system in individual 
cases, with the aim to focus biomarker re- 
search and to help guide treatment choice. 

This “cancer immunogram” (see the fig- 
ure) builds on two key observations. The 
outcome of cancer-immune interactions is 
based on a number of largely unrelated pa- 
rameters such as tumor “foreignness” and T 
cell-inhibitory mechanisms. Furthermore, 
the “value” of these parameters can differ 
greatly between patients. For example, in 
some patients, intratumoral inhibition of 
tumor-specific T cells will be the sole defect 
that needs to be addressed, whereas in other 
patients, the tumor may simply be insuffi- 
ciently foreign to elicit a clinically relevant 
T cell response in the first place. Because of 
the multifactorial nature of cancer-immune 
interactions, combinations of biomarker as- 
says will by definition be required. 

The proposed cancer immunogram as- 
sumes that T cell activity is the ultimate ef- 
fector mechanism in human tumors. This 
by no means implies that inhibition of, for 
instance, tumor-associated macrophages, 
or modulation of the microbiome, is with- 
out value. Rather, the effects of such thera- 
pies are assumed to ultimately involve 
enhanced T cell activity. Future research 
will reveal whether this presumption is 
correct. We also acknowledge that our 
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understanding of cancer-immune interac- 
tion is still too fragmented to consider the 
cancer immunogram a static entity. Thus, 
new biomarkers are expected to be added 
while other biomarkers may be removed 
over time. Seven parameter classes may 
constitute a reasonable initial framework 
for building such an immunogram, and a 
brief description of these classes is pro- 
vided below (1). 


TUMOR FOREIGNNESS. The induction of 
T cell responses by antigen-presenting cells 
requires the presentation of an altered rep- 
ertoire of major histocompatibility complex 
(MHC)-associated peptides. Such a reper- 
toire may be formed either by tumor-derived 
self peptides from aberrantly expressed pro- 
teins, or by presentation of neoantigens de- 
rived from viral or mutated gene products. 
The outcome of a T cell-antigen encounter 
is modulated by T cell checkpoints such as 
cytotoxic T lymphocyte-associated protein 
4 (CTLA-4) and programmed cell death pro- 
tein 1 (PD-1). 

Recent data suggest that the foreign- 
ness of human cancers may in large part be 
determined by their expression of neoan- 
tigens. Specifically, a correlation between 
mutational load—a surrogate marker for 
tumor neoantigen load—and outcome upon 
the blockage of T cell checkpoint inhibitors 
has been observed in melanoma and non- 
small cell lung cancer. The activity of PD-1 
blockade in DNA mismatch repair-defi- 
cient cancers is also consistent with tumor 
foreignness as a determinant of anti-PD-1 
immunotherapy. In addition, low intratu- 
moral genetic heterogeneity appears asso- 
ciated with response to T cell checkpoint 
blockade, providing indirect support for a 
dominant role of clonal neoantigens. 

Mutational load is, however, an im- 
perfect marker for tumor foreignness, as 
it does not take into account a possible 
contribution of self antigen recognition 
to tumor control. Also, the formation of 
neoantigens from individual mutations is 
a probabilistic process, with each muta- 
tion representing an additional ticket in a 
“neoantigen lottery.” Thus, although tumor 
foreignness can likely be guaranteed for tu- 
mors with very high mutational loads, the 
odds of tumor foreignness can only be in- 
ferred for tumors with an intermediate or 
low mutational load; more sophisticated 
readouts are required. 


GENERAL IMMUNE STATUS. Analysis of 
general immune status seems mundane 
but will likely be of relevance in many 
clinical settings. A decrease in lymphocyte 
counts has been associated with poor out- 
come upon CTLA-4 blockade in melanoma 
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patient cohorts. Furthermore, neutrophil/ 
lymphocyte ratio has been correlated 
with poor patient outcome after immu- 
notherapy, whereas elevated eosinophil 
counts may be associated with improved 
outcome in melanoma patients treated 
with anti-CTLA-4 antibody. In addition, 
myeloid-derived suppressor cell counts 
in circulating blood seem a negative pre- 
dictor of immunotherapy outcome. Thus, 
simple blood analyses could characterize 
an immune status that is associated with 
poor outcome upon checkpoint modula- 
tion. Mechanistically, these correlations 
may reflect a reduced ability to mount or 
maintain a systemic tumor-specific T cell 
response. Alternatively, systemic immune 
dysfunction may simply indicate a more 
profound intratumoral immune inhibition. 
Regardless, therapies that reverse general 
immune dysfunction should be tested for 


“Seven parameter classes may 
constitute a reasonable initial 
framework for building such 
an immunogram...” 


the ability to enhance the activity of check- 
point blockade. New technologies for multi- 
dimensional measurement of immune cells 
and proteins are likely to yield additional 
parameters to gauge immune status in hu- 
mans, and thereby predict capacity to re- 
spond to inmmunotherapeutic intervention. 


IMMUNE CELL INFILTRATION. An obvi- 
ous requirement for T cell-mediated tumor 
control is the infiltration of tumor-reactive 
T cells into the tumor. Absence of such T 
cell infiltration into an intrinsically foreign 
tumor may reflect a defect at the level of 
T cell priming (the activation of T cells 
within lymphoid organs that leads to T 
cell proliferation), a mechanical barrier by 
cancer-associated fibrosis, impermeable tu- 
mor-associated vasculature, or the absence 
of T cell-attracting chemokines. In support 
of the latter, CXCL9 and CXCL10 (C-X-C 
motif ligands 9 and 10)—two chemokines 
for the receptor CXCR3—are part of a gene 
signature associated with improved out- 
come upon PD-1 blockade. More directly, 
a brisk preexisting CD8* T cell infiltrate is 
associated with improved outcome in mela- 
noma upon anti-PD-1 immunotherapy. 
The strength of the intratumoral T cell 
infiltrate may be a secondary consequence 
of other parameters of the cancer immu- 
nogram. For example, the interferon-y 
(IFN-y)-induced production of CXCL9 
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and CXCLI10 that occurs upon recognition 
of tumor cells by infiltrating T cells is ex- 
pected to enhance T cell recruitment in a 
positive feedback loop. Thus, absence of a T 
cell infiltrate may reflect a lack of foreign- 
ness, inefficient T cell priming, or lack of T 
cell attraction. Assays that can distinguish 
among these possibilities should be of value 
to guide therapy choice. In this regard, fac- 
tors such as the presence of stabilized B- 
catenin (a transcriptional regulator) and 
the subset of CD103* dendritic cells deserve 
further attention. 


ABSENCE OF CHECKPOINTS. The expres- 
sion profile of both T cell checkpoints and 
their ligands is likely to be a valuable bio- 
marker in many settings because it reports 
on the presence of specific therapeutic 
targets and provides information on more 
general aspects of the tumor-specific T 
cell response. In melanoma, programmed 
death ligand 1 (PD-L1) expression has been 
associated with improved outcome upon 
both PD-1 and CTLA-4 blockade. In the 
former case, the correlation may simply 
reflect presence of the therapeutic target. 
In the latter case, PD-L1 expression is likely 
to provide a crude measure of an ongoing 
tumor-specific immune response, as ex- 
pression of PD-L1 can be induced by IFN-a 
and -y. However, PD-L1 expression on tu- 
mor cells can also occur in an interferon- 
independent fashion. To further increase 
the value of PD-L1 as a biomarker, it will 
be useful to assess T cell-induced and tu- 
mor cell-intrinsic expression in clinical 
samples. A straightforward way to achieve 
this may be to combine analyses of PD-L1 
expression on tumor cells with interferon 
expression, or with the expression of mark- 
ers of the activation-exhaustion cascade in 
tumor-resident T cells. 


ABSENCE OF SOLUBLE INHIBITORS. Tu- 
mor inflammation-associated factors can 
promote tumor progression. Such inflam- 
mation is characterized by the presence of 
subtypes of neutrophils, y6 cells, and mac- 
rophages that secrete proinflammatory fac- 
tors, such as vascular endothelial growth 
factor A, colony-stimulating factors, the in- 
terleukins IL-1, IL-6, and IL-17, and CXCL1. 
IL-1 and IL-6 induce C-reactive protein 
(CRP), a clinical marker for tumor-associ- 
ated inflammation. Mouse model data have 
shown that tumor-derived prostaglandin 
E2 can promote an inflammatory response 
characterized by IL-6, CXCLI, and granu- 
locyte colony-stimulating factor secretion. 
Blockade of melanoma prostaglandin E2 
production shifted the local environment 
to a type I IFN-dominated “T cell inflamed” 
state, resulting in improved T cell-medi- 
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ated tumor control. These data support the 
notion that the tumor-promoting effects 
of tumor-associated inflammation can be 
mediated through suppression of T cell 
reactivity. In line with this work, increase 
in inflammatory markers [CRP or erythro- 
cyte sedimentation rate (ESR)] is associ- 
ated with poor outcome upon anti-CTLA-4 
antibody treatment, whereas the presence 
of an interferon gene signature in tumors 
was associated with improved outcome 
upon PD-1 blockade. Along with many 
other candidates, another soluble inhibi- 
tory factor that is likely to have value as a 
biomarker is indoleamine 2,3-dioxygenase, 
which interferes with anti-CTLA-4 anti- 
body-induced tumor control in mice. 


ABSENCE OF INHIBITORY TUMOR ME- 
TABOLISM. In healthy cells, glycolysis 
generally results in entry of pyruvate into 
the Krebs cycle in the mitochondria. Un- 
der conditions of hypoxia (e.g., in muscles 
during exercise), pyruvate is converted to 
lactate by lactate dehydrogenase (LDH) 
and pumped out of the cell. In cancer cells, 
however, the conversion of pyruvate into 
lactate takes place even in the presence of 
sufficient oxygen. High serum LDH con- 
centrations correlate strongly with poor 
outcome upon CTLA-4 and PD-1 blockade, 
and phase 3 clinical trial data have corrob- 


orated these results prospectively. Lactic 
acid and low local pH can impair crucial 
T cell functions, such as cytokine produc- 
tion (IL-2, IFN-y), proliferation, and lytic 
activity, perhaps providing a mechanistic 
explanation for the strength of LDH as a 
biomarker. On the basis of mouse model 


“a cancer immunogram... 
does make it possible to... 
discuss treatment options 
in a more refined and 
personalized manner...” 


data, intratumoral hypoxia and glucose de- 
pletion also deserve attention as potential 
biomarkers in this class. 


TUMOR SENSITIVITY TO IMMUNE EF- 
FECTORS. Reduced “visibility” for the 
immune system and resistance to T cell 
killing are accepted mechanisms of cancer 
immune evasion in preclinical models, and 
inactivation of components of the antigen 
presentation machinery has been observed 
in human cancer. Upon inactivation of an- 
tigen presentation machinery components, 
tumors may still be perceived as foreign 


Tumor foreignness 
Mutational load 


Tumor sensitivity 
to immune effectors 
MHC expression, 

IFN-y sensitivity 


Absence of inhibitory 
tumor metabolism 
LDH, glucose utilization 


Absence of soluble inhibitors 
IL-6, CRP 


General immune status 
Lymphocyte count 


Immune 
cell infiltration 
Intratumoral T cells 


Absence of checkpoints 
PD-L1 


The cancer immunogram. The radar plot depicts the seven parameters that characterize aspects of cancer-immune 
interactions for which biomarkers have been identified or are plausible. Potential biomarkers for the different 
parameters are shown in italics. Desirable states are located in blue; progressively undesirable states are shown in the 
red gradient. The black line connecting the data values for each parameter represents a plot for a single hypothetical 
patient. In the case shown, it may be argued that single-agent PD-1 blockade, rather than combined PD-1 and CTLA-4 
blockade, could be a first treatment of choice. For details on this case and other hypothetical patient cases, see (2). 
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through cross-presentation of tumor cell- 
derived antigens by antigen-presenting 
cells, but the final stage of tumor cell rec- 
ognition will be affected. No studies have 
yet linked MHC expression or defects in 
apoptosis mechanisms to clinical outcome 
upon CTLA-4 or PD-1 blockade. Analysis of 
immunotherapy resistance at the level of 
tumor cell sensitivity to immune effectors 
will not only be useful to identify patients 
who are less likely to respond to T cell- 
activating therapies, but should also point 
to the T cell effector mechanisms that exert 
the greatest Darwinian pressure in human 
cancers. In particular, although tumor con- 
trol by T cells is often interpreted as classi- 
cal perforin- and granzyme-mediated lysis, 
mouse model data also suggest a role of T 
cell effector cytokines such as IFN-y and 
tumor necrosis factor-a on either tumor 
stroma or cancer cells themselves. 


OUTLOOK. The described cancer immu- 
nogram suggests that it may be valuable 
to ask the following questions: Can the im- 
mune system see this tumor as foreign? Is 
the immune status of the patient likely to 
be sufficient? Is there evidence for infiltra- 
tion of effector T cells into the tumor site? 
Are there checkpoints, soluble mediators, 
or metabolic factors that may hamper the 
activity of these cells? Would the tumor 
cells be sensitive to an unleashed T cell 
response? The information required for 
this analysis may be obtained from the 
combination of tumor genomics, immu- 
nohistochemistry, and standard assays on 
the peripheral blood compartment. Such 
measurements will be useful to determine 
which states of the cancer immunogram 
are most commonly inhabited, both dur- 
ing natural cancer-immune interaction and 
upon immunotherapy. 

Certainly, a cancer immunogram should 
evolve, incorporating new biomarkers that 
reflect, for example, the capacity for T cell 
priming. Nonetheless, even a cancer immu- 
nogram based on present-day knowledge 
does make it possible to visualize the state 
of cancer-immune interactions in individ- 
ual patients, and thereby discuss treatment 
options in a more refined and personalized 
manner (2). & 

REFERENCES AND NOTES 
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Improving child health. Better access to medical care may be contributing to sizable decreases in mortality rates among children in disadvantaged counties in the United States. 


The photo shows 5-year-old Oscar de la Cruz getting an eye exam at the nonprofit Mary's Center in Washington, D.C., on 24 February 2014. 


Hope for America’s next generation 


The gap in survival rates for children in the richest and poorest U.S. communities has shrunk 


By Martha J. Bailey and Brenden Timpe 


deluge of recent studies has shown 

that poorer communities suffer worse 

health outcomes. Among low-income 

Americans, life expectancy at age 

40 in the poorest areas of the U.S. is 

4.5 years lower than in the highest- 
income areas (J). In 2010, infant mortality 
rates in the poorest U.S. communities were 
over 70% higher than those in the most af- 
fluent ones [see tables S3 and S4 in (2)]. On 
page 708 of this issue, Currie and Schwandt 
paint a more complicated but encouraging 
picture (2). They show that, despite rising in- 
equality in almost every dimension of Ameri- 
can life, the child mortality gap between the 
poorest and the richest counties has shrunk 
in recent decades. 
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The authors find that between 1990 and 
2010, life expectancy at birth rose for both 
women and men in communities across 
the United States. Mortality rates in all 
5-year age groups of American children, 
from infants to late adolescents, fell dra- 
matically. Perhaps more surprisingly, the 
poorest counties saw the largest absolute 
decreases in child mortality rates, almost 
twice as large as those in the richest coun- 
ties. These important findings challenge the 
conventional wisdom that health has been 
uniformly worsening in more disadvan- 
taged communities. They also challenge the 
idea that further increases in longevity in 
wealthy countries depend only on improve- 
ments among the middle-aged or elderly (3). 

In their study, Currie and Schwandt cal- 
culate mortality rates of 5-year age groups 
and compare counties with different pov- 
erty rates. This method picks up nuances 
in U.S. health trends that are not captured 
by national life expectancy, a standard but 
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relatively crude measure of health. It also al- 
lows them to zoom in on changes at different 
points in the age distribution and in counties 
across the country. Of course, the results do 
not imply that poverty causes shorter lives. 
They should be seen as demonstrating a rela- 
tionship between income and health, rather 
than as a statement that one causes the other. 

The good news is the persistent gains in life 
expectancy that young Americans have expe- 
rienced in the last 20 years, even as economic 
and health inequality among their parents 
and grandparents has grown. Economists 
do not always agree on how economic condi- 
tions affect health (4). Still, readers may not 
find it surprising that child mortality rates 
fell sharply during the economic boom of the 
1990s. It may be more surprising that child 
mortality rates continued to fall over the next 
decade, even though the U.S. economy shed 
8 million jobs and the number of Americans 
without health insurance rose by 5.7 million 
between 2007 and 2010 (5, 6). 
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The Generational Divide 


Between 1990 and 2010, child mortality rates fell fastest in the poorest areas of the United States, narrowing 
the gap between high-poverty and low-poverty counties. This trend (left) is an encouraging counterpoint to the 
growing mortality-rate gap among older Americans (right). Data from table S3 in (2). 


Difference in mortality rate between poorest and richest county groups 
Age groups 


The scale of these improvements in the 
most disadvantaged places in the country is 
impressive. Consider Genesee County, Michi- 
gan, home to the city of Flint and one of the 
poorest U.S. counties. Between 1990 and 
2010, the county’s poverty rate rose from 16 
to 20%. At the same time, the 3-year moving 
average of infant mortality rates fell by five 
children per 1000 born to 7.8. In nearby Oak- 
land County, home to more affluent Detroit 
suburbs with a poverty rate of ~10%, infant 
mortality fell by a smaller but still impressive 
two children per 1000 births to 5.8. This more 
than halved the gap from five to two deaths 
per 1000 births. As Currie and Schwandt 
show, this pattern held in almost all coun- 
ties in the United States and for all groups of 
children under 20, resulting in much reduced 
disparities in child mortality (see the figure). 

Not all their results are as encouraging. 
Corroborating recent studies (2, 7), the au- 
thors show that mortality trends are less 
favorable for Americans over age 40. Im- 
provements in older-adult health have been 
much larger in more affluent areas, reflecting 
a growing mortality gap among older adults. 

Currie and Schwandt are largely silent 
on the causes of these changes. Although it 
is unlikely that they can be attributed to a 
single factor, the different trends in children 
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2010 

and adults help narrow the search. Oft-cited 
explanations for growing adult health dispar- 
ities include the scarcity of good jobs, rising 
income inequality, deteriorating infrastruc- 
ture, and worsening health behaviors (in- 
cluding lack of exercise, smoking, and opioid 
abuse). Some argue that this toxic cocktail 
is killing working-age Americans (2, 7). This 
makes the improvement in mortality among 
young Americans all the more impressive, 
because child health is adversely affected by 
many of the same factors (8, 9). 

More promising explanations relate to the 
substantial expansions in public health pro- 
grams for children over the past 25 years. The 
expansion of Medicaid—a program shoring 
up health insurance in the most disadvan- 
taged areas—is associated with significant 
declines in infant mortality (10). Expansions 
of the State Children’s Health Insurance 
Program may also have disproportionately 
improved health in poorer areas (17). Simi- 
larly, expansion of programs like Community 
Health Centers would have benefited poor 
communities most (12). These improvements 
in health care access amplified the impact of 
advances in medical care and health informa- 
tion over the same period (such as the treat- 
ment of congenital defects and prevention of 
sudden infant death syndrome). 
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Whatever the cause of the decline in 
health inequality among children, im- 
proved child survival has implications for 
the interpretation of mortality trends at 
older ages. The logic is simple: If the health 
of the children who are saved tends to be 
more fragile, this could result in higher 
death rates at older ages. For instance, the 
surviving children may be more likely to 
die in their 40s. This “selection” process— 
to use the language of economists—would 
predict modest increases in mortality rates 
at older ages, even though some children 
lived longer. Rising mortality rates for 45- 
to 55-year-olds may thus be at least partially 
attributable to gains in longevity among 
children 40 to 50 years ago (13), as well as 
among younger adults more recently. 

Even better news is that patterns in health 
inequality seem to be changing for the bet- 
ter. Infants born in the most disadvantaged 
counties in 2000 were much more likely to 
survive than those born in 1990. Ten years 
later, in 2010, the mortality rates for the same 
cohorts were still much lower than those of 
the previous generation. If these declines in 
mortality persist, they will represent a power- 
ful new trend with important policy implica- 
tions. So far, at least, the new generation of 
Americans is defying the pattern of growing 
inequality that has defined their parents’ and 
grandparents’ generations. 
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Why pursue the postdoc path? 


Complex, diverse rationales require nuanced policies 


By Henry Sauermann?* and 
Michael Roach? 


oncerns have been raised about labor 

market imbalances that see a growing 

number of postdoctoral researchers 

pursuing a limited number of faculty 

positions (J-4). Proposed demand- 

side solutions include capping the 
duration of postdoc training or hiring more 
permanent staff scientists (/, 4, 5). Others fo- 
cus on the supply side, arguing that Ph.D’s 
need better information about labor market 
conditions and nonacademic career options 
(4, 6, 7). Unfortunately, it is not 
clear why Ph.D. students pursue 
postdoc positions and how their 
plans depend on individual-level factors, 
such as career goals or labor market percep- 
tions. We describe evidence of a “default” 
postdoc and of “holding patterns” that sug- 
gest a need for increased attention to career 
planning among students, their mentors, 
graduate schools, and funders. 

We surveyed Ph.D. students at 39 research- 
intensive U.S. universities in the spring of 
2010 and again in the spring of 2013. We 
also used online sources to hand-collect in- 
formation on respondents’ career outcomes. 
Details on survey strategy, sample charac- 
teristics, and measures are provided in the 
supplementary materials (SM, tables S1 to 
S3). We focus on 5928 respondents who, in 
2010, were enrolled in Ph.D. programs in the 
biological and life sciences (37.47%), chem- 
istry (11.23%), physics (14.27%), engineering 
(27.14%), and computer sciences (9.89%). Our 
featured analyses distinguish broadly be- 
tween biological and life sciences and other 
fields; see SM for more detailed field com- 
parisons (fig. S1 and table S3). 


POLICY 


GOALS, INFORMATION, ABILITY. In 2010, 
~79% of students in the biological and life 
sciences and 53% in other fields planned a 
postdoc. We examine how students’ plans 
relate to three key factors: career goals, in- 
formation about labor market demand, and 
proxies for ability. It is often assumed that 
Ph.D’s do a postdoc primarily as a pathway 
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to a research-oriented faculty position (4, 8). 
We asked respondents to ignore job avail- 
ability and rate the attractiveness of differ- 
ent academic and nonacademic career paths 
(see SM). Students planning a postdoc are 
more likely to have academic career goals 
(see the first figure). However, career goals 
are quite diverse even among these postdoc- 
planning students, with more than one-third 
not rating a research-oriented faculty posi- 
tion as their most attractive career. This may 
be surprising, given that the postdoc is not 
typically considered a stepping-stone toward 
nonacademic careers. However, 78% of re- 


S5). However, students’ beliefs regarding how 
many years of postdoc are required to get a 
full-time position in their preferred sector— 
likely higher when the supply of graduates 
exceeds demand—are a strong predictor of 
postdoc plans. 

If high-ability scientists have a greater 
chance of securing scarce full-time positions, 
they face a lower risk of “wasting” time in a 
postdoc and should be more likely to plan 
one. On the other hand, they may feel less of 
a need to increase their market value through 
postdoctoral training. To examine the role of 
ability, we used three objective proxies: re- 
spondents’ peer-reviewed publications, fel- 
lowships from a federal agency, and their 
Ph.D. program’s National Research Council 
(NRC) ranking. Respondents also subjec- 
tively assessed their research ability relative 
to peers. Biological and life scientists with 
higher scores on all measures are more likely 
to plan a postdoc (table S4). Fellowships, 


Students’ highest-rated careers 


Share of students giving a particular career their highest attractiveness rating, putting job availability aside 


(careers rated independently, ties possible). N = 5911. 


Biology or life sciences 


Faculty R&D 
Teaching Research | Government Established firm Startup | Other 
0.35 0.18 0.37 0.49 0.33 
No postdoc plan 0.06 


0.40 0.61 0.40 0.33 0.22 ! 


Postdoc plan 


Other fields 


0.30 0.28 0.34 0.64 0.45 ! 


No postdoc plan 


0.04 


0.41 0.64 0.42 0.38 0.27 ! 


Postdoc plan 


spondents in the biological and life sciences 
and 42% in other fields believed that at least 
1 year of postdoc training was required for a 
Ph.D.-level research and development (R&D) 
position in industry in their field (see SM). 
Unfortunately, there is little empirical evi- 
dence showing whether the postdoc benefits 
graduates pursuing nonacademic careers (1). 

Postdoc plans may also depend on the 
perceived demand for full-time researchers. 
Limited job availability may discourage indi- 
viduals from investing in low-paid postdoc 
training if the chances of obtaining full-time 
positions that reward this training are slim 
(9). On the other hand, challenging labor 
markets may encourage students to pursue 
a postdoc in order to become more competi- 
tive. We found that perceived job availability 
in academia and industry has no systematic 
relation with postdoc plans (tables S4 and 
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NRC ranking, and subjective ability also pre- 
dict postdoc plans in other fields. This partly 
reflects that higher-ability students are more 
likely to aspire to faculty positions (see SM). 
Only 62% of biological and life sciences 
students (56% in other fields) reported hav- 
ing thought about their careers to a large or 
great extent. Those who had thought more 
about their careers are less likely to plan a 
postdoc, especially in the biological and life 
sciences (table S4). This may reflect that 
many students see a postdoc as the “default” 
until they explicitly consider their long-term 
career paths (4). Advanced students are less 
likely to plan a postdoc, consistent with 
learning processes and a declining interest 
in faculty careers over time (JO, 17). Foreign 
students who are unsure whether to stay in 
the United States after graduation are more 
likely to plan a postdoc than those intending 
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to leave, perhaps because the postdoc keeps 
options open (table S5). Respondents who 
agreed to the statement “When I fail in some- 
thing, I am determined to continue trying 
until I succeed” are more likely to plan a post- 
doc, which indicates that “persistence” may 
be important not just for scientific productiv- 
ity (12) but also for career decisions. 


CAREERS AND MARKETS. Of students who 
graduated by 2013, 74% took a postdoc in the 
biological and life sciences, compared with 
46% in other fields (fig. S2). We asked postdoc 
respondents to the 2013 survey (NV = 1006) 
why they did a postdoc. The most frequent 
reason was “A postdoc increases the chance 
to get my desired job.” Among those without 
postdoc plans in 2010, the 
most frequent reason was “I 
experienced difficulty finding 
another job” (fig. S3). In con- 
junction with our earlier re- 
sults, these patterns suggest 
that low demand for full-time 
researchers leads many stu- 
dents to plan postdoc train- 
ing well before graduation, 
but also forces some into 
unplanned postdoc “hold- 
ing patterns” afterwards (13). 
The observed transitions into 
postdocs were likely facili- 
tated by plentiful positions 
(4), and demand for postdoc 
trainees may have been par- 
ticularly strong because of 
funding from the 2009 American Recovery 
and Reinvestment Act. 

When asked whether they started the post- 
doc primarily to obtain a tenure-track faculty 
position, 60% of bio-life scientists and 51% of 
other scientists answered yes. When asked 
about their single most preferred career, 43% 
of respondents in the biological and life sci- 
ences and 44% in other fields chose faculty 
with a focus on research, but the majority 
preferred other career paths (fig. S4). 

A common concern is that junior scien- 
tists—especially those aspiring to faculty 
positions—lack information about career 
prospects in academia (J, 9, 14). We asked re- 
spondents to estimate the share of Ph.D’s in 
their field who hold a tenure-track position 
5 years after graduation and compared their 
estimates with actual shares published in 
the Science and Engineering Indicators (15). 
Respondents are very accurate (see the box 
above and fig. S5), although more recent ac- 
tual shares in the biological and life sciences 
have dropped below their expectations. 

Given that not all Ph.D’s aspire to faculty 
positions, graduates who actively pursue this 
path have a higher probability of becoming 
faculty than the population average (see SM). 
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14.75% 


Respondents’ estimate of 
the share of biological or 
life science Ph.D. graduates 
holding a tenure-track position 
5 years after graduation 


a 


Actual share reported 
by NSF 2012 


10.60% 
Actual share reported 
by NSF 2016 


We asked postdocs who aspire to faculty po- 
sitions to estimate the probability of their 
holding a tenure-track position 5 years after 
graduation. We see evidence of overconfi- 
dence among postdocs in the biological and 
life sciences but not in chemistry or phys- 
ics (table S6). Overall, postdocs have a good 
sense of conditions in the academic labor 
market, although some may be overconfident 
regarding their own chances of securing a 
faculty position. 

Finally, only 4% of biological and life 
sciences postdocs felt a “severe lack of in- 
formation” regarding careers in academic 
research, but that share increased to 21% for 
research careers in government, 34% in es- 
tablished firms, 42% in startups, and 44% for 
nonresearch careers. Corre- 
sponding figures in other 
fields are not much lower 
(table S3), which suggests 
that a substantial share of 
junior scientists proceeded 
to the postdoc stage with- 
out sufficient information 
to evaluate nonacademic 
career options. 


BETTER DATA, BETTER 
PLANNING. Many - stu- 
dents plan postdocs yet 
do not aspire to the ten- 
ure track. A large share of 
postdocs prefers careers 
outside of academia. Thus, 
comparing numbers of 
graduates or postdocs to available faculty 
positions provides limited insight into labor 
market imbalances. Our results give urgency 
to the National Academies’ (4) recommen- 
dation to collect better data on junior sci- 
entists’ career aspirations, which would 
enable more nuanced comparisons of career 
goals and outcomes. Many graduates pursue 
a postdoc with the goal to obtain nonaca- 
demic positions, which highlights the need 
for data on whether and how nonacademic 
employers require and reward postdoctoral 
training (4, 16). 

We find that challenging labor markets 
encourage rather than discourage students to 
invest in postdoctoral training. Although this 
seems logical if students are strongly com- 
mitted to a particular career, it provides an 
individual-level explanation for why the sup- 
ply of postdocs does not decrease despite low 
demand for full-time researchers (13) and 
potentially contributes to persistent labor 
market imbalances (9, 14). Whereas the re- 
cent National Academies report recommends 
that students make career plans early in the 
Ph.D. program, we argue that they should 
consider labor market conditions and career 
options before starting a Ph.D. program. Do- 
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ing so may avoid escalating commitment to 
a research career and may prevent individu- 
als from entering a postdoc holding pattern. 
Graduate schools could encourage career 
planning by requiring that applicants ana- 
lyze different career options and justify why 
a Ph.D. is the most promising path forward. 
Funding agencies could implement simi- 
lar requirements, especially in conjunction 
with moving a larger share of funding from 
research grants to training grants and indi- 
vidual fellowships (4, 5). 

Postdocs know that only a small share of 
graduates will obtain a faculty position, and 
warnings about limited job prospects in aca- 
demia may have little impact on decisions 
to pursue postdocs and academic research. 
However, junior scientists require better in- 
formation on nonacademic careers, consis- 
tent with concerns expressed by the National 
Academies and the National Institutes of 
Health (4, 6). This holds in the biological sci- 
ences and in other fields. Better career infor- 
mation should come from advisers but also 
from sources such as postdoc offices, profes- 
sional associations, or internships and expe- 
riential career development opportunities 
(e.g., as part of NIH’s BEST program). Just as 
important, students need to actively access 
and process the available information and 
seriously consider the implications for their 
own careers (4, 7). 
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After Fukushima: 
Collaboration model 


THE MARCH 2011 accident at the 
Fukushima Daiichi Nuclear Power Plant 
caused extensive human suffering and 
revealed the need for more effective means 
of communicating health risks to the 
public (“Epidemic of fear,’ D. Normile, 
News Feature, 4 March, p. 1022). The reha- 
bilitation of Kawauchi, one of the villages 
affected by the nuclear accident, provides a 
model for future responses. 

In March 2012, after tedious decon- 
tamination work in the village, radiation 
doses were found to be safe for residents 
of Kawauchi to return home, and schools 
and public offices were reopened. In 2013, 
the public authorities of Kawauchi village 
and Nagasaki University, which has helped 
with the reconstruction work since 2011, 
established a collaboration known as the 
“Nagasaki University-Kawauchi Village 
Reconstruction Promotion Base” (7). As 
part of the program, a permanent public 
health nurse from Nagasaki University 
with expertise in radiation provides health 
consultations to the villagers (2). The 
university also provides health radiation 
consultation services and monitors radia- 
tion levels in food and soil samples (3, 4). 
Regular meetings are held in the village to 
foster greater dialogue between the radia- 
tion experts, physicians, radiation nurses, 
and community leaders of Kawauchi vil- 
lage and its population. 

Almost 100,000 residents of Fukushima 
have yet to return to their hometowns, with 
40,000 of them living outside the prefecture 
(5). The village-university collaboration 
provides a model for a multidisciplinary 
approach to public policy during the recov- 
ery phase of a nuclear accident. 
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After Fukushima: 
Creating a dialogue 


FIVE YEARS HAVE passed since the acci- 
dent at the Fukushima Daiichi Nuclear 
Power Plant. Although the additional 
exposure doses resulting from the accident 
were extremely low (J), it was difficult to 
dispel residents’ fear of radiation exposure 
(“Epidemic of fear,’ D. Normile, News 
Feature, 4 March, p. 1022) and other health 
issues. To address their concerns, we and 
others have provided a variety of services 
to increase understanding between resi- 
dents and medical professionals. 

We have held more than 500 general 
health consultations, which connect 
Fukushima residents with health experts 
from universities. The experts discuss 
individual residents’ health concerns and 
symptoms privately and then help coordi- 
nate integrated care to promote health and 
prevent disease. Through these social ser- 
vices, we aim to help dispel apprehensions 
among the evacuees and residents (2). 

Other local medical professionals and 
experts have held a series of seminars to 
open and sustain a dialogue with residents 
(3). The municipality of Date City, which 
has various levels of contaminated areas, 
has used feedback about the experiences 
shared in these seminars to modify their 
administrative measures and policies and 
assign staff to explain the personal dosim- 
eter measurement results to individual 
residents. They also carried out multiple 
projects to provide mental and physical 
care for small groups of residents. These 
activities were implemented based on 
advice of experts who were by the side of 
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Holding a bonsai plant grown 
while evacuated, a Kawauchi 
resident returns to his home. 


the residents. By putting 
a liaison in place, medical 
professionals and experts 
have transformed a unilat- 
eral communication about 
the risk of radiation into 
an actively bilateral com- 
munication to address the 
various needs for residents 
after the accident. 
Evacuees have been 
gradually returning to their 
homes since the designa- 
tion of evacuation areas 
was lifted in Fukushima. At this time, they 
feel anxious about radiation exposure and 
life in their new environment. Integrated 
health systems and community dialogues 
should continue to provide the returning 
residents with the support they need. 
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After Fukushima: 
Addressing anxiety 


IN HIS NEWS Feature “Epidemic of fear” 
(4 March, p. 1022), D. Normile described 
the thyroid ultrasound examination pro- 
gram that launched in the aftermath of 
the Fukushima accident. He discussed the 
unexpected number of positive results and 
the potential for overtreatment, given that 
the natural history of thyroid cancer in 
children is unclear. 

Despite these uncertainties, residents 
from Fukushima tend to directly associ- 
ate examination results to their radiation 
exposure (1). They often associate their 
own decisions immediately after the acci- 
dent (such as whether or when to evacuate, 
where to permit children to play, and what 
to permit children to eat or drink) with the 
appearance of nodules on the ultrasound. 
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In particular, mothers have developed new 
anxieties and feelings of self-condemnation 
(2). We highlight two strategies that could 
help to minimize these reactions. 

First, examination results are normally 
provided to the examinees in written 
form, but we individually explained the 
results immediately after each examina- 
tion. Our objectives were to relieve the 
anxieties regarding the results; to address 
vague concerns regarding radiation health 
risks; and to explain the meaning of the 
thyroid screening. 

Second, we provided classes on thyroid 
examinations to the school children (from 
10 to 18 years old) who were examined. 
We explained the associations between 
radiation and thyroid cancer and helped 
the children interpret the examination 
results. The decision-making about exami- 
nations often reflected the concerns of the 
parents rather than those of the children. 
Through these classes, we tried to provide 
the children with opportunities to think 
about the benefits and limitations of the 
screening and to prepare them for discus- 
sions with their parents about radiation 
health risks. 

Sanae Midorikawa,’?* Satoru Suzuki,?* 
Akira Ohtsuru?? 


Radiation Medical Science Center, Fukushima 
Medical University, Fukushima, 960-1295, Japan. 
?Department of Radiation Health Management, 
Fukushima Medical University, Fukushima, 
960-1295, Japan. Department of Thyroid and 
Endocrinology, Fukushima Medical University, 
Fukushima, 960-1295, Japan. 


*Corresponding author. Email: hana@fmu.ac.jp 


REFERENCES 


1. Y.Suzukietal., Bull. World Health Org. 93,598 (2015). 
2. A.Ohtsuruetal., Lancet 386, 489 (2015). 


TECHNICAL COMMENT 
ABSTRACTS 


Comment on “Cycling Li-O2 batteries via 
LiOH formation and decomposition” 
Yue Shen, Wang Zhang, Shu-Lei Chou, Shi- 
Xue Dou 

Liu et al. (Research Article, 30 October 
2015, p. 530) described a lithium-oxygen 
(Li-O,) battery based on lithium iodide 
(Lil)-assisted lithium hydroxide (LiOH) for- 
mation and decomposition. We argue that 
LiOH cannot be oxidized by tri-iodide (I; ). 
The charge capacity is from the oxidation 
of I instead of LiOH. The limited-capacity 
cycling test is misleading when the elec- 
trolyte contributes considerable parasitic 
reaction capacity. Full text at http://dx.doi. 
org/10.1126/science.aafl399 


Response to Comment on 
“Cycling Li-O, batteries via LiOH 
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formation and decomposition” 

Tao Liu, Gunwoo Kim, Javier Carretero- 
Gonzdlez, Elizabeth Castillo-Martinez, 
Clare P. Grey 

We described a lithium-oxygen (Li-O2) 
battery comprising a graphene electrode, 
a dimethoxyethane-based electrolyte, 

and H,0 and lithium iodide (LiD addi- 
tives, lithium hydroxide (LiOH) being the 
predominant discharge product. We dem- 
onstrate, in contrast to the work of Shen 
et al., that the chemical reactivity between 
LiOH and the triiodide ion (I;) to form 
IO; indicates that LiOH can be removed 
on charging; the electrodes do not clog, 
even after multiple cycles, confirming that 
solid products are reversibly removed. 

Full text at http://dx.doi.org/10.1126/science. 
aafl652 


Comment on “Cycling Li-O2 batteries 
via LiOH formation and decomposition” 
Venkatasubramanian Viswanathan, 
Vikram Pande, K. M. Abraham, Alan C. 
Luntz, Bryan D. McCloskey, Dan Addison 
Based on a simple thermodynamic 
analysis, we show that iodide-mediated 
electrochemical decomposition of lithium 
hydroxide (LiOH) likely occurs through a 
different mechanism than that proposed 
by Liu et al. (Research Article, 30 October 
2015, p. 530). The mismatch in thermody- 
namic potentials for iodide/triiodide (I7/ 
I; ) redox and O: evolution from LiOH 
implies a different active iodine/oxygen 
electrochemistry on battery charge. It 

is therefore possible that the system 
described in Liu et al. may not form the 
basis for a rechargeable lithium-oxygen 
(Li-O.) battery. Full text at http://dx.doi. 
org/10.1126/science.aad8689 


Response to Comment on “Cycling 
Li-O, batteries via LOH formation and 
decomposition” 

Tao Liu, Gunwoo Kim, Javier Carretero- 
Gonzdlez, Elizabeth Castillo-Martinez, 
Paul M. Bayley, Zigeng Liu, Clare P. Grey 
Lithium-oxygen (Li-O,.) batteries cycle 
reversibly with lithium iodide (LiD addi- 
tives in dimethoxyethane (DME) to form 
lithium hydroxide (LiOH). Viswanathan et 
al. argue that because the standard redox 
potential of the four-electron (e°) reac- 
tion, 40H’ 2H,0 + O, + 4e,, is at 3.34 
V versus Li*/Li, LiOH cannot be removed 
by the triiodide ion (I; ). However, under 
nonaqueous conditions, this reaction will 
occur at a different potential. LiOH also 
reacts chemically with I; to form IO;,, 
further studies being required to determine 
the relative rates of the two reactions on 
electrochemical charge. Full text at http:// 
dx.doi.org/10.1126/science.aad8843 
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Comment on “Cycling Li-O, 
batteries via LiOH formation 
and decomposition” 


Yue Shen,'* Wang Zhang,’ Shu-Lei Chou,”* Shi-Xue Dou” 


Liu et al. (Research Article, 30 October 2015, p. 530) described a lithium-oxygen (Li-O2) 
battery based on lithium iodide (Lil)—assisted lithium hydroxide (LiOH) formation and 
decomposition. We argue that LiOH cannot be oxidized by triiodide (lz). The charge 
capacity is from the oxidation of I" instead of LiOH. The limited-capacity cycling test is 
misleading when the electrolyte contributes considerable parasitic reaction capacity. 


iu et al. (1) reported a “breakthrough” of 

Li-O, battery. Their cathode was able to 

cycle 2000 times at a limited capacity of 

1000 mAh g"", and the overpotential was 

as small as 0.2 V. In contrast to previous 
studies (2, 3), they claim that the excellent cycling 
stability is based on the formation and decom- 
position of LiOH. Small amounts of water and 
Lil depress the oxidation potential of LiOH down 
to 3.0 V. 

The major conclusion in Liu et al.’s Research 
Article was the reactions shown in Scheme 1. 
Adding the two charge reactions together will 
get the total charge reaction of 


4LiOH QH,0 + O2 + 4e7 (1) 


> 4Lit 4 


This reaction is well known as the charge 
reaction of aqueous lithium-air batteries (4, 5). 
The potential of this reaction is widely agreed 
to be 3.84 V (versus Li*/Li) in neutral solutions 
or 3.42 V when pH = 12, much higher than 3.0 V 
in Liu et al.’s paper. The equilibrium potential is 
a thermodynamic value; it cannot be influenced 
by the existence of I; species, which is a catalyst. 
The solvation effect of different solvents may 
bring a little difference to the charge potential, 
but it cannot explain a difference as large as 
0.4 V. Liu et al. further claimed that, even with 
45,000 parts per million of water, no appreciable 
change in the electrochemical profile was ob- 
served. The solvation situation in highly hydrated 
DME should be similar to the aqueous lithium-air 
batteries. Thus, the potential should not change 
very much. Therefore, LiOH cannot be oxidized 
at 3.0 V (versus Li*/Li). 
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To determine the true charge reaction, a trans- 
parent battery was built to repeat the cycling 
experiment with a similar weight ratio of the 
reduced graphene oxide (rGO) cathode to elec- 
trolyte, as in Liu’s experiment (Fig. 1A). The charge 
potential was indeed lower than 3.2 V (Fig. 1B), 
but the electrolyte became darker after every 
charge process, indicating that the concentra- 
tion of I," was increasing. This result is against 
Liu et al.’s mechanism, because they believe that 
the I; should react with LiOH and transform 
back to colorless I. The cathode after 100 cycles 


Oxygen inlet 
‘i gE: 


4GO cathode 


Voltage | V 


cycling rate: 5 A/g_..., 


0 200 400 600 800 1000 
Capacity / mAh g" 


: After 100 cycles 


(0.05 mg, on stainless 


of discharge and charge was measured with 
x-ray diffraction (XRD), and the result confirmed 
the LiOH accumulation (Fig. 1C). 

In Liu et al’s paper, the amount of electrolyte 
was 1 mL. The Lil concentration was 0.05 mol L. 
Three I’ acquired two electrons to become I; . So, 
the capacity of the I, /I’ redox couple should be 


0.05 x 10’mol x 96,485 Cmol 
3.6 CmAh"! 


2 
ie 0.89 mAh (2) 


Meanwhile, the mass loading of Liu et ai.’s 
rGO cathode (active materials) was as low as 
0.01 mg. When the battery was cycling at a spe- 
cific capacity-limiting method of 1000 mAh g”’, 
the capacity of the battery should be 


1000 mAhg”? x 0.01 x 10° ¢g 
= 0.01 mAh (3) 


This value is only about 1% of the capacity of 
the I, /I redox couple. Thus, during charging, 
the LiOH does not need to be oxidized because 
the oxidation of I” could sustain the charge re- 
action. The charge potential is very low simply 
because it is the I, /I’ redox reaction. 

The section titled “Comparison of the Capac- 
ity Obtained with the I//I;_ Couple (in Ar) with 
that Obtained for the Li-O, Cells” in Liu et al.’s 
supplementary materials does not support what 
they claimed, because the Lil was originally in 
its reduced state, so there was nothing to be fur- 
ther reduced and the discharge capacity was thus 
very small. They unfortunately did not show the 


Intensity / a.u. 


10 20 30 40 50 60 70 
26/ degree 


Fig. 1. Cycling test of a transparent battery. (A) Photograph of the battery before and after 100 
cycles. (B) Discharge charge curves of the battery for elected cycles. (©) XRD pattern of the cathode 


after 100 cycles of discharge and charge. 
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Discharge Reactions 


(1) electrochemical: 4Li* + 40, + 4e ———> 4LiO, 


via the action of Lil 


(2) chemical: 4LiO, + 2H,O ““““"“""* 4LiOH + 30, 


Charge Reactions 


(1) electrochemical: 6 ————> 21, + 4e 


(2) chemical: 4LiOH + 21, ———> 4Li* + 6I + 2H,O + o,4 


Scheme 1 


Initial discharge 
Irreversible 


Following cycles 


4Li* + 0+ 2H,0+4e —— > 4LiOH 


Charge 
aLil 4——. 3Li' +1,+-2e 
Discharge 
Discharge 
4Li* + Oy+ 2H,0 + 4° ———> 4LiOH 
eversible 
Scheme 2 
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complete charge curve with Lil electrolyte in 
Liu e¢ al.’s figure $3 and figure 1B. 

On the whole, we believe that Liu et al.’s pro- 
posed explanation of the reversible decomposi- 
tion of LiOH is not scientifically sound. Their 
battery is actually a combination of an irrevers- 
ible lithium-air battery and a reversible lithium- 
iodine battery, as shown in the reactions in 
Scheme 2. 

For lithium-oxygen batteries, limited-capacity 
cycling test results can be misleading. They may 
conceal a large amount of parasitic reactions, 
especially when the weight ratio of the cathode 
material to the electrolyte is very small. It is 
necessary to use multiple techniques (6, 7) to 
confirm whether the charge capacity is from the 
oxidation of the discharge product or from the 
side reactions. 
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Response to Comment on “Cycling 
Li-O, batteries via LiOH formation 
and decomposition” 


Tao Liu,’ Gunwoo Kim,”” Javier Carretero-Gonzalez,* 


Elizabeth Castillo-Martinez,' Clare P. Grey”?* 


We described a lithium-oxygen (Li-O2) battery comprising a graphene electrode, a 
dimethoxyethane-based electrolyte, and H20 and lithium iodide (Lil) additives, lithium 
hydroxide (LiOH) being the predominant discharge product. We demonstrate, in contrast to 
the work of Shen et al., that the chemical reactivity between LiOH and the triiodide ion (l3”) 
to form 103° indicates that LiOH can be removed on charging; the electrodes do not clog, 
even after multiple cycles, confirming that solid products are reversibly removed. 


e reported on a lithium-oxygen battery 

that formed LiOH as the predominant 

discharge product, formed from a re- 

duced graphene oxide (rGO) electrode, 

a dimethoxyethane (DME)-based elec- 
trolyte, and H.O and Lil additives (7). On the 
basis of observed oxygen release, we suggested 
the following charge reaction. 


4LiOH + 21,  4Li* +O. +2H,O+ 61 (1) 


We also clearly stated, “We stress, however, that 
the equilibria that occur in the presence of 
oxygen, water, and iodine are complex, often in- 
volving a series of polyanions (including IO” 
and its protonated form); further mechanistic 
studies are required to understand the role of 
these complex equilibria in the redox processes” 
(1). Some of these equilibria are as follows (2) 


31 ol, + 2e (2) 
20H +I3 «IO + H.O + 20 (3) 
or 2LiOH + Iz <> Lil0 + Lil+I+H,O0 (4) 


The IO ion will then disproportionate, form- 
ing IO; 


3LiIO — LilO; + 2Lil (5) 


Shen et al. (3) in their Comment make three 
major points, which we discuss below. 

1) Shen et al. (3) argue that the I; -LiOH 
reaction to produce O» on charge is not feasible, 
because the OH /O, couple under standard con- 
ditions [3.84/3.42 V vs. Li*/Li in acidic/basic 
standard conditions, respectively (3)] is higher 
than the I’/I; couple (reaction 2, ~3.0 V in DME). 
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First, removal of LiOH in lithium-oxygen batteries 
below 3.2 V has previously been observed—e.g., 
with ruthenium-based catalysts and tetraglyme 
(4)/dimethyl sulfoxide (5)-based electrolytes and 
added water. Because the catalyst does not alter 
the equilibrium voltage, the equilibrium itself 
must be altered. In another Technical Response 
(6), we argued that the free-energy change of 
reaction 1 on moving from an aqueous to non- 
aqueous electrolyte system cannot be ignored 
and will change the equilibrium potential. Of 
note, we have observed that LiOH can be quan- 
titatively removed via reactions 2 to 5, Iz re- 
acting to form IO; and I and suggesting an 
alternative mechanism [see figure 1 in (6) for de- 
tails], the rate depending strongly on the amount 
of water and LiTFSI concentrations present in 
the system (Fig. 1). Reaction 1 is a four-electron 
process and will be strongly affected by the 
nature of the electrode; further studies are re- 
quired to determine the relative rates of reac- 
tion 1 versus reactions 3 to 5 and the potential 
role that catalysts may play in determining this. 

2) Shen et al. (3) observed in a transparent 
cell that the electrolyte color darkens on cycling 
due to I; accumulation. They concluded that 
the first discharge involves the formation of 
LiOH via O, reduction at ~2.6 V [figure 1B in 
(3)] but that the subsequent charge process 
involves the direct oxidation of I to I; ’, rather 
than the removal of LiOH, subsequent dis- 
charge processes, also observed at ~2.6 V, 
being a combination of further LiOH forma- 
tion and I; reduction. Because our ultraviolet 
(UV)-visible experiments show that the kinetics 
for reactions 2 to 5 are highly dependent on the 
water content [figure 1 in (6)], we suggest that 
the conditions used in Shen et al.’s experi- 
ment, 5 A/g for a charge/discharge capacity of 
1 Ah/g—ie., a 12-min charge rate—may have been 
too fast to allow reactions 2 to 5 to go to com- 
pletion, and thus I, and LiOH accumulate. By 


contrast, we used a charge time ranging from 
up to ~20 hours at 1 A/g. for thin electrodes 
[e.g., figure 1 and figures S11(d) and S820 in (D] 
to hundreds of hours for thick electrodes [e.g., 
figure S10 in (J), the amount of water content 
[up to ~50,000 parts per million or 5 weight % 
(wt %)] in our batteries also being higher than 
in Shen et al.’s. We indeed observed that I;” 
reacts with LiOH, transforming back to color- 
less IO; and I after 14 hours (Fig. 1B). 

The proposed mechanism by Shen et al. does 
not explain the experiment reported in figure 
S20 of (7). When the battery was fully discharged 
in the first cycle and then charged to the same 
capacity as the previous discharge, the capacity 
and voltage profile of the discharges in the fol- 
lowing 11 cycles were nearly identical to that of 
the first cycle. We have consistently shown that 
the discharged product in the first cycle is quan- 
titatively LiOH [figure 2 and figure S19 in (D)], the 
end of discharge being marked by either pore 
clogging or full coverage of the rGO surface by 
nonconductive LiOH. If during the first charge, 
LiOH is not effectively removed, it is difficult to 
propose a simple explanation for the subsequent 
multiple discharge processes, which show essen- 
tially the same discharge capacity, because no 
pore volume or bare rGO surface would be avail- 
able for LiOH formation. Although we recognize 
that I; /I redox chemistry must occur in sub- 
sequent cycles, it cannot be the sole discharge 
reaction, because the voltage is always consistent 
with LiOH formation (or Li,O. formation, this 
product forming at a similar voltage in the ab- 
sence of water). Finally, we note that assuming 
that the battery operates solely via the I’/I, cou- 
ple, the maximum theoretical capacity is 0.89 mAh 
for our Lil concentrations. Figures S10(b) and 
$11(d) in (J) present data showing a capacity of 
>7000 mAhg" on charge for a thick-electrode 
corresponding to 1.0 mAh and a thin-electrode 
cell that was cycled for data for 1000 cycles fol- 
lowed by 15 cycles at 22,000 mAh/g (0.22 mAh). 
Although redox shuttle mechanisms likely occur, 
LiOH removal must also be occurring. 

3) Shen et al. argue that the small capacity ob- 
tained in figure S3 of our original paper “does 
not support what they claimed, because the Lil 
was originally in its reduced state, so there was 
nothing to be further reduced and the discharge 
capacity was thus very small” (7). Our experi- 
ments were, however, performed after a first ini- 
tial charge. Thus, the discharge capacity reflects 
the total I, concentration after this charge. 
Under the conditions used here, the capacity of 
the I, /I couple is consistently noticeably lower 
than that of the total I content in the cell, due to 
the slow diffusion of the ions to the rGO elec- 
trode, the capacity reflecting both I diffusivity 
and the charge rate [see page 8 of the supple- 
mentary materials for (2)]. 

We are aware of the multiple competing 
reactions in this battery system, the relative ki- 
netics of the various reactions being further com- 
plicated because (i) the two key additives, water 
and iodine, react with the Li metal anode, and 
(ii) LiOH formation consumes water, the water 
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Fig. 1. UV-visible spectra after 
the reaction of saturated LiOH 
in a3 wt % water/DME solution. 
(A) Without added 0.1 M LiTFSI. 
(B) With added 0.1 M LiTFSI. Peak 
intensity changes confirm the 
chemical reaction between LiOH 
and ls" via reactions 2 to 5, to form 
103” and I (7). 


concentration dropping during discharge. For 
example, as the water concentration drops, the 
battery may operate via Li,O, formation; I, can 
then oxidize Li,O», releasing O. Developing a 
scalable, practical device requires much further 
work to optimize this chemistry. 
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Comment on “Cycling Li-O, 
batteries via LiOH formation 
and decomposition” 


Venkatasubramanian Viswanathan,” Vikram Pande,’ K. M. Abraham,” Alan C. Luntz,” 


Bryan D. McCloskey,* Dan Addison? 


Based on a simple thermodynamic analysis, we show that iodide-mediated electrochemical 
decomposition of lithium hydroxide (LiOH) likely occurs through a different mechanism 
than that proposed by Liu et al. (Research Article, 30 October 2015, p. 530). The mismatch 
in thermodynamic potentials for iodide/triiodide (I"/l3_) redox and O2 evolution from 
LiOH implies a different active iodine/oxygen electrochemistry on battery charge. It is 
therefore possible that the system described in Liu et al. may not form the basis for a 


rechargeable lithium-oxygen (Li-O2) battery. 


iu et al. (1) proposed that a highly re- 
chargeable and electrically efficient Li-O. 
battery could be produced by using Lil and 
small amounts of H»O in a nonaqueous 
electrolyte and a reduced graphene oxide 
(rGO) electrode. They suggested that Lil cata- 
lyzed oxygen reduction to LiOH when H,O im- 
purities were present in the otherwise nominally 
nonaqueous electrolyte. They conjectured that 
I; formed during charge at ~3 V versus Li/Li* 
(all potentials herein are referenced to Li/Li*) 
mediates the oxidation of LiOH to liberate O. 
without substantial parasitic reactions. 
Although no thermodynamic barriers exist 
for the Lil-mediated formation of LiOH during 
discharge of water-contaminated Li-O, cells, the 
charging process warrants further analysis. We 
present a simple thermodynamic analysis of the 
triiodide-mediated LiOH oxidation mechanism 
proposed in their work (1). We consider their over- 
all proposed charging reaction. 


4LiOH © 4Li* + 4e7 


+ 2H.0 + O. (1) 


This reaction has an equilibrium potential of 
3.34 V under standard conditions (2). The activ- 
ity of water is not at standard conditions in 
these experiments, but even at parts per million 
(ppm) quantities of water, there are negligible 
changes to the equilibrium potential. For exam- 
ple, in an experiment with ~100 to 45,000 ppm, 
this corresponds to an equilibrium potential shift 
of ~0.02 to 0.009 V. 
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We now consider the iodide/triiodide redox 
reaction, shown in figure 4 of (J), given by 


61 O21, + 4° (2) 


The redox potential for this reaction depends 
on the solvent (3). As reported in (7), we use the 


Fig. 1. Free-energy diagram for the 
proposed charging mechanism in- 


volving iodide/triiodide—mediated z 
LiOH oxidation at U = 3 V. The chemi- + 
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equilibrium potential—i.e., ~3.0 V—as shown in 
figure 1 of (2). Liu et al. point out in the caption 
that the crossing points of the charge/discharge 
curves indicate the positions of the redox poten- 
tial of I/I;" in the specific electrode/electrolyte 
system. 

The chemical reaction, shown in figure 4 of 
(1), to complete the charging cycle, is given by 


4LiOH + 21, © 4Lit + 6F +2H,0+ 0. (3) 


This chemical reaction is uphill in free energy 
by AG = 4 x (3.347 — 3.00) = 1.39 eV. This cor- 
responds to an equilibrium constant, given by 
K = exp[—(AG,o/kgT)] ~ 10-**. Even if every cath- 
ode site were electrochemically active, the frac- 
tion that would transform to the product, Os, 
would be exceptionally small and therefore can- 
not account for a reversible process regenerat- 
ing Os. 

The overall free-energy diagram for the charg- 
ing mechanism proposed by Liu et al. at U=3V 
is shown in Fig. 1. A simpler way to understand 
the inconsistency is that the minimum potential 
required to oxidize LiOH is 3.34 V. The iodide/ 
triiodide redox couple has an oxidation potential 
of only ~3 V and hence it is not feasible to oxidize 
LiOH(s) with such a scheme. 

In a rigorously anhydrous Li-O, battery that 
produces Li,O, as the discharge product (4, 5), 
the free-energy diagram involving an iodide/ 
triiodide redox couple is shown in Fig. 2. In 
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this case, the minimum potential required to oxi- 
dize Li,O.(s) is 2.96 V, and the iodide/triiodide 
redox couple possesses the required driving force 
to carry out this reaction, as shown in several 
experiments (6). 

To summarize, our thermodynamic analysis 
shows that it is not possible to run an iodide- 
mediated reversible electrochemical cycle, as in- 
dicated in figure 4 of (7). However, given the 
clear evidence of LiOH disappearance during 
the charge process, some other electrochemical 
reaction or reactions involving LiOH are active. 


667-c 6 MAY 2016 + VOL 352 ISSUE 6286 


Whether these other reactions can form the basis 
for a rechargeable battery remains an open ques- 
tion. Previous reports have shown empirical 
evidence of parasitic reactions associated with 
iodide/triiodide redox couples in a Li-O, battery 
with ethereal solvents (6, 7). Such irreversible 
routes obviously need to be avoided to allow 
long-term rechargeability in a Li-O, battery. 
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Response to Comment on “Cycling 
Li-O, batteries via LiOH formation 
and decomposition” 


Tao Liu,’ Gunwoo Kim,”? Javier Carretero-Gonzalez,' Elizabeth Castillo-Martinez,' 


Paul M. Bayley,’ Zigeng Liu,’ Clare P. Grey’* 


Lithium-oxygen (Li-O2) batteries cycle reversibly with lithium iodide (Lil) additives in 
dimethoxyethane (DME) to form lithium hydroxide (LiOH). Viswanathan et al. argue that 
because the standard redox potential of the four-electron (e") reaction, 40H” — 2H20 + 
O2 + 4e”, is at 3.34 V versus Li*/Li, LiOH cannot be removed by the triiodide ion (Iz ). 
However, under nonaqueous conditions, this reaction will occur at a different potential. 
LiOH also reacts chemically with lz” to form 103, further studies being required to 
determine the relative rates of the two reactions on electrochemical charge. 


e recently reported (7) on a highly revers- 

ible lithium-oxygen battery composed 

of a reduced graphene oxide (rGO) elec- 

trode and a dimethoxyethane (DME)/ 

LiTFSI electrolyte. The additives (H2O 
and Lil) were key in controlling the nature of 
the battery reactions. LiOH, instead of the com- 
monly reported Li,O, phase, was the predominant 
product during discharge, the protons primarily 
coming from H,O in the cell. On charge, LiOH 
was removed [as seen by x-ray diffraction and 
proton nuclear magnetic resonance (‘H NMR)], 
and we proposed that this occurs via a reaction 
with I, , O. being observed by mass spectroscopy. 
In their Comment, Viswanathan et al. (2) argue 
that a charge mechanism involving reaction with 
I; to produce O, is not feasible, because the 
redox potential for reaction 1 


4Li* + 4e° + Oo, + 2H,0,- 4LiOH, (1) 


is 3.34 V versus Li*/Li under standard conditions, 
whereas the redox potential for 61" <> 21; + 4e’, 
is ~3.0 V in the DME-based electrolyte used here. 
We discuss this issue and possible mechanisms 
for LiOH removal. 

LiOH formation in the presence of Lil has been 
previously reported in lithium-oxygen batteries 
(3), and the reversible formation/decomposition 
of LiOH—e.g., using ruthenium catalysts and tet- 
raglyme (4)/ dimethyl sulfoxide (DMSO) (5)-based 
electrolytes with added water—was observed at 
3.1 to 3.2 V. It is well established that the elec- 
trolyte affects the potential of a redox couple. In- 
deed, even the I; /I couple drops from 3.53 V in 
water under standard conditions (6, 7) to 3.35, 
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3.1, and 3.0 V in acetonitrile (6), tetraglyme, and 
DME (J), respectively. The O./O,”" couple varies 
from ~3.0 V in DMSO electrolyte to ~3.5 V in 
acetonitrile electrolyte (8), and the recent “water 
in salt” work (9) showed that the redox potentials 
for water reduction/oxidation shift considerably 
due to the chemical potential changes of water 
and Li* in the electrolyte. 

Changes in the redox potential of reaction 1 
under nonstandard conditions arise from at least 
two factors. First, the concentrations of the species 
in the electrolyte deviate noticeably from standard 
conditions. Second, the different coordination en- 
vironments of the species/ions differ dramatically 
between solvents. The standard Gibbs free-energy 
change, AG,°, of the overall cell reaction 


4Li, + Oo, + 2H.O; > 4LiOH, (2) 


is -1282 kJ/mol (J0) at standard conditions re- 
sulting in E° = -AG,° /nF = 3.32 V. Under non- 


standard conditions, the equilibrium voltage of 
cell reaction 2 can be expressed as a function of 
the activity (a) of the reactants and products. 


2.303RT ,_[ oa? of 29 
Ee E° nF ( “ Tid ; (3) 


OL io 


where R is the gas constant, F is the Faraday 
constant, 7 is the number of electrons involved 
in the reaction, and 7 is the temperature. 

Because Li and LiOH are solids, and gaseous 
Oz is at close to ~1 bar during the cell reaction— 
i.e., they are in their respective standard states— 
the above equation can be simplified. 


E, = E° + 0.01481g(ai,0) (4) 


The activity, or the chemical potential, of 
water in the batteries is given by 


= ex ( Fr) exp(- a) (5) 


where up is the chemical potential, and AH and 
AS are the enthalpy and entropy difference of 
water in LiI/LiTFSI/DME electrolyte compared 
with those in a Lil/LiTFSI aqueous electrolyte at 
standard conditions 


HO; © HO pir rerrsi,pMe (6) 


and “H,O;’ in reaction 2 should be replaced by 
“HoOuwitirrsrpME) - It is then relevant to ask how 
large a value of AG for reaction 6 is required to 
shift the potential of reaction 2 so that it drops 
below that of the I'/I; couple in the same elec- 
trolyte. Although this value is currently not known 
for DME, a relatively small value of -60.0 kJ/mol 
is required to reduce the couple of reaction 2 
down to 3.0 V. AS makes only small changes to 
voltage (of -20 mV to -77 mV, where the entropy 
is approximated by the concentration of water in 
the system). The AH for reaction 6 is controlled 
by the loss of water-water interactions and the 
difference between water-Li salt and DME-Li 
salt interactions. Evidence for strong water-Li* 
interactions in DME comes from the hygroscopic 


Fig. 1. Reaction kinetics = 
of a LiOH + Lil, mixture 9 100 
in DME/water solutions oP) 
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nature of LiTFSI and Lil salts and their higher 
solubility in water than in ethers (7, 9). Theoret- 
ical calculations (9) also suggest a very high bind- 
ing energy of water with Li* cations in an aqueous 
LiTFSI electrolyte. Hydration enthalpies for Lil 
and LiTFSI in water/nonaqueous solvents are an 
order of magnitude larger [e.g., -828 kJ/mol for 
Lil in water and -756 kJ/mol for LiTFSI in ace- 
tonitrile (17, 12)] than the -60 kJ/mol assumed 
above, all suggesting that this value for AG,; is 
certainly plausible, but we stress that further 
measurements/calculations are required. 

The chemistry is, however, more complicated 
because I, can both react with LiOH forming 
T and liberating oxygen 


4LiOH + 21, 4Li* + 61T +2H,0+0O, (7) 


and also react to form metastable IO’, which then 
disproportionates forming IO; and TI (13, 14). 


6LIOH + 31; © 6Lit +10; + 81° +3H,0 (8) 


The low concentrations of water in our electro- 
lytes help drive both reaction equilibria to the 
right-hand side. Our Raman and ultraviolet (UV)- 
visible studies of the chemical reaction of LiOH 
and I, show that reaction 8 dominates under 
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aqueous conditions, the rate of the reaction slow- 
ing down noticeably, but still occurring in DME 
solutions containing 3 to 6 weight % water (Fig. 
1). Interestingly, the addition of LiTFSI speeds up 
the reaction. However, electrochemical studies of 
the oxidation of I," in aqueous solutions with 
carbon electrodes often observe a combination of 
O, evolution and IO, formation (15). Thus, it is 
clear that further studies are required to deter- 
mine how much Oy is evolved on charge versus 
being tied up as IO. Our ’O/'H NMR studies 
of electrodes cycled in and beyond the first cycle 
observe reversible LiOH formation, even when 
using the thick electrodes (>0.150 mg) required 
for the NMR experiments. Finally, Viswanathan 
et al. suggested that parasitic reactions (3) be- 
tween I/I, and the ether-based electrolyte rep- 
resented the source of proton for LiOH and that 
such irreversible processes cannot form the basis 
of a practical Li-O, battery. We agree that irre- 
versible processes must be avoided. In our work, 
DME electrolyte decomposition is not, however, 
the dominant source of the protons in LiOH, and 
super P carbon, rGO, and titanium carbide elec- 
trodes operate for hundreds of cycles (1). In our 
current Li-O, battery, the equilibria among water, 
oxygen, and iodide; the surface functionality of 
rGO; and the detailed reaction mechanism during 


discharge-charge all require further investiga- 
tion. Nonetheless, the evidence for reversible 
LiOH formation, in the presence of O, (and 
LiD, is compelling. 
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CELLULAR DYNAMICS 


Nongenetic functions of the genome 


Michael Bustin* and Tom Misteli* 


BACKGROUND: The genome is the carrier of 
the hereditary information that defines an 
organism. Most genomes consist of a linear 
polymer of DNA wrapped around octameric 
histone protein complexes to generate a chro- 
matin structure resembling beads on a string, 
which further folds and organizes into domains 
of various sizes and degrees of compaction that 
are functionally relevant to the regulation of all 
genomic activities. A myriad of proteins, including 
remodeling complexes and transcription factors, 
bind to chromatin in a combinatorial fashion to 
coordinate gene expression programs. The well- 
accepted major functions of the genome are to 
store and propagate the genetic material and to 
control the expression of the genetic information 
encoded in DNA. 

The genome is also a major physical entity 
of each cell; its large mass, dynamic proper- 
ties, and unique structural features affect ma- 
jor cellular processes by nongenetic means. 
As a physical entity, the genome exerts mechan- 
ical forces onto its cellular environment via 


OO 


Nuclear assembly Mechanical force 
and structure response 


i 


Cell migration 


transmission from the nucleus to the cyto- 
plasm, as well as within the nucleus between 
chromatin domains. Results from a broad range 
of experiments show that mechanical forces 
generated by the genome are critical contrib- 
utors to a wide range of cellular processes and 
to cellular homeostasis. The chromatin fiber 
also serves as a physical binding scaffold both 
for proteins and for membranes, and it is in- 
creasingly evident that key cellular events, in- 
cluding faithful cell division, involve controlled 
interactions of large molecular protein com- 
plexes and membranes with the genetic mate- 
rial, independently of gene expression events. 


ADVANCES: Recent findings in model systems 
as varied as yeast, flies, and humans reveal that 
genomes not only serve to control gene expres- 
sion programs but also affect cellular functions 
by nongenetic means via their physical proper- 
ties. Prominent examples of nongenetic func- 
tions of the genome include its role as a 
physical scaffold to support the assembly of 
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Genetic and nongenetic functions of the genome. In the interphase nucleus (center), the 
genome is organized into domains; shown is the domain organization of chromosomes in the 
nucleus. The well-established genetic functions of genomes (bottom) are the maintenance and 
transmission of genetic information and the expression of genetic programs. Nongenetic functions 
of the genome (top) include nuclear assembly, response to mechanical forces, cell migration, intra- 
and extranuclear signaling, and, at the physiological level, enhanced nocturnal vision. 
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the nuclear membrane and the nuclear pore 
complex, thereby facilitating the formation of 
a functional nuclear envelope. In addition, the 
physical mass of condensed chromatin at the 
nuclear periphery strengthens the nuclear en- 
velope and enhances the ability of cells and 
nuclei to withstand mechanical forces exerted by 
the environment; this function is critical during 
cell migration or in tissues exposed to mechan- 
ical stress, such as the continuously beating heart. 
Furthermore, the genome serves as an anchoring 


platform for signaling mol- 
ecules that regulate vital cel- 
Read the full article ‘Wlar processes, such as the 
at http://dx.doi. controlled sequestration of 
org/10.1126/ cell cycle checkpoint pro- 
science.aad6933 teins and of factors involved 


in licensing cells for cyto- 
kinesis. The physical organization of the genome 
also functions to alert and activate the DNA dam- 
age response machinery, whose proper func- 
tioning is crucial for preventing malignancies 
and seems necessary for the initiation of the 
cell cycle. At the level of tissue organization, an 
intriguing nongenetic function of the genome 
is in determining the optical properties of rod 
cells in the retina of nocturnal animals, there- 
by enhancing their night vision. 


OUTLOOK: The realization that the genome 
acts via nongenetic mechanisms greatly ex- 
pands our understanding of its biological 
importance. It is increasingly clear that the 
genome’s large mass and dynamic properties 
play a critical role in biological processes that 
ultimately regulate cell function and organis- 
mal survival, such as the cellular response to 
mechanical forces, the propagation of the cell 
cycle, the ability of the cell to divide, and the 
ability of cells to migrate. These emerging non- 
genetic functions of the genome are largely 
unexplored, and it is likely that they affect a 
wider range of cellular processes than cur- 
rently realized. To characterize the known non- 
genetic functions of the genome as well as 
to discover new ones, it will be essential to 
develop methods to measure the physical prop- 
erties of genomes in intact cells. Even more 
important will be the establishment of techni- 
ques to specifically and precisely manipulate 
physical features of the genome. These lines of 
investigation have the potential to uncover the 
full spectrum of nongenetic mechanisms by 
which the genome affects cellular processes, 
and to elucidate the interplay of genetic and 
nongenetic genome events, ultimately leading 
to amore complete understanding of the com- 
plexity of genome function. 
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Nongenetic functions of the genome 


Michael Bustin and Tom Misteli 


The primary function of the genome is to store, propagate, and express the genetic 
information that gives rise to a cell’s architectural and functional machinery. However, the 
genome is also a major structural component of the cell. Besides its genetic roles, the 
genome affects cellular functions by nongenetic means through its physical and structural 
properties, particularly by exerting mechanical forces and by serving as a scaffold for 
binding of cellular components. Major cellular processes affected by nongenetic functions 
of the genome include establishment of nuclear structure, signal transduction, 
mechanoresponses, cell migration, and vision in nocturnal animals. We discuss the 
concept, mechanisms, and implications of nongenetic functions of the genome. 


n eukaryotic cells, the genome is enclosed 

within the nucleus, where it is organized into 

chromatin fibers and separated from the 

cytoplasm by the nuclear membrane. The 

compaction of the chromatin fiber and its 
global organization within the confines of the 
nucleus play major roles in regulating the ex- 
pression and propagation of the genetic informa- 
tion encoded in the genome (J, 2). The chromatin 
fiber shapes and controls the cell’s architectural 
and functional machinery by regulating gene ex- 
pression. In addition to being the carrier of genetic 
information, the genome is also a major structural 
entity of the nucleus and, as such, affects cellular 
structure and function. 

A diploid mammalian cell contains approxi- 
mately 2 m of linear DNA, compressed in the 
form of chromatin into a nucleus of typically 
10 um in diameter. Chromatin is a linear polymer 
in which the DNA is wrapped around octameric 
histones to generate nucleosomes and form a fiber 
that resembles beads on a string. The chromatin 
fiber is further organized into several levels of 
higher-order structures by electrostatic, hydro- 
static, and elastic interactions along the fiber 
and between genome regions on distinct chromo- 
somes (3) (Fig. 1). Short-range interactions among 
nucleosomes shape the linear chromatin fiber 
into higher-order domains, which are maintained 
by forces in the piconewton range (4). Longer- 
range interactions along the fiber, facilitated by 
chromatin-bound proteins, promote the forma- 
tion of larger domains and ultimately give rise 
to whole chromosomes (5) (Fig. 1). The polymeric 
properties of the chromatin fiber and their role 
in generating and stabilizing higher-order chro- 
matin organization are not fully understood, and 
multiple polymer folding and interaction models 
have been proposed to explain higher-order ge- 
nome architecture (3, 6). 

The physical features of the genome affect cel- 
lular structure and function. As a result of the 
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mass of the genome, the inherent motion of the 
chromatin fiber (which undergoes fluctuations 
in the range of 1 to 2 um) (6, 7), and biologically 
mediated chromatin reorganization events (for 
example, during remodeling of chromatin as part 
of activation of a gene), the genome exerts con- 
siderable mechanical forces, both within the nu- 
cleus and onto its cellular surroundings (Fig. 1). 
These mechanical forces affect cellular functions 
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Pa of! 


forces 
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Passive transmission 
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by nongenetic means. Dynamic interactions be- 
tween neighboring chromatin domains, either 
on the same or on different chromosomes, gen- 
erate intranuclear mechanical forces that prop- 
agate toward the cytoplasm, particularly at sites 
where chromatin contacts the nuclear envelope 
(Fig. 1). Conversely, the genome itself is exposed 
to mechanical forces emanating from the cyto- 
plasm (8, 9), which may be transmitted either 
passively at contact points between the nuclear 
envelope and chromatin, or actively via the LINC 
dinker of nucleoskeleton and cytoskeleton) pro- 
tein complex, which forms a bridge across the 
nuclear envelope that physically connects the 
genome with the cytoskeleton and transfers 
mechanical forces bidirectionally between the 
nucleus and the cytoplasm (JO, 11) (Fig. 1). 
An additional important nongenetic means 
by which the genome affects cellular processes 
is via its ability to serve as a binding platform 
for cellular components. Although this property 
is extensively used for genetic regulation by re- 
cruiting transcription factors to their regulatory 
sites (12), other proteins and large macromolec- 
ular complexes exploit binding to chromatin to 
perform their functions by nongenetic mechanisms. 
Prominent examples include the kinetochore, the 
nuclear pore complex, and the DNA repair ma- 
chinery. The function of these cellular machin- 
eries is critically dependent on their binding 
to chromatin, but it is the physical properties of 
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Fig. 1. The genome as a physical entity. In eukaryotes, the genome is housed in the cell nucleus, which 
is separated from the cytoplasm by a double membrane (blue) supported by a network of intermediate 
filament proteins of the lamin family (red). The genome is a prominent physical entity with consid- 
erable mass, volume, and density. Transport between the nucleus and the cytoplasm occurs via nuclear 
pores (pink). DNA is folded into higher-order chromatin domains and ultimately chromosomes. The 
genome exerts, and is exposed to, mechanical forces transmitted into and out of the nucleus, either 
passively (red, green arrows) or actively via the membrane-spanning LINC protein complex (purple). The 
genome also exerts and is exposed to intranuclear forces (red, green arrows) via intrafiber, intrachromosomal, 
and interchromosomal interactions. 
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chromatin, rather than the genetic informa- 
tion encoded in the genome, that enables their 
function. 

Whereas the genetic functions of the genome 
are well established, its nongenetic effects are 
poorly understood. The traditional genetic func- 
tions of the genome include storage, propaga- 
tion, and transmission of the genetic material 
and rely on the use of the genetic information 
encoded in the DNA sequence. In contrast, the 
nongenetic functions of the genome do not use 
its genetic information and are mediated by the 
physical properties of genomes. Nongenetic func- 
tions of the genome are emerging in diverse bi- 
ological processes, including nuclear assembly, 
response to mechanical forces, cell migration, cell 
cycle progression, cellular signaling, and even 
physiological functions such as vision in noc- 
turnal animals. We discuss here the concept, 
mechanisms, and the biological implications of 
nongenetic functions of the genome. 


The genome as a determinant 
of nuclear architecture 


A major nongenetic function of the genome is 
its role in establishing and maintaining the 
overall structure of the eukaryotic cell nucleus 
(Fig. 2). This function is evident from in vivo 
and in vitro studies of the postmitotic assembly 
of the nuclear envelope, a key event in the cell 
cycle (13). During mitosis, the nuclear membrane 
disassembles and is absorbed by the endoplasmic 
reticulum (ER), and membrane fragments dis- 
perse in the dividing cell. As daughter cells are 
formed in telophase, the nucleus rapidly reas- 
sembles. During this stage, chromatin serves as 
a physical scaffold on which the nuclear mem- 
brane fragments are immobilized, facilitating 
their fusion into larger membrane sheets (13) 
(Fig. 2). Capture of nuclear membrane frag- 
ments, either directly by the genomic scaffold 
or via linker proteins, involves several inner 
nuclear membrane proteins including the lamin 
B receptor; the LEM (LAP2, emerin, MAN1) 
domain proteins LAP2b, emerin, and MANI, 


which tether membrane fragments to chroma- 
tin via their interaction with heterochromatin 
protein HPI; and barrier-to-autointegration fac- 
tor BAF (74-17). Direct experimental demonstra- 
tion for a nongenetic scaffold function of the 
genome in establishing nuclear architecture comes 
from the finding that microinjection of bacterio- 
phage 2 DNA into Xenopus eggs leads to the 
formation of double-bilayer membranes around 
the injected genetic material (78). Similarly, nu- 
clear membranes form in vitro around chromatin 
and even around purified DNA in mammalian or 
Xenopus whole-cell extracts (19, 20). Nuclear 
membranes assemble irrespective of DNA se- 
quence or source of the genetic material used, 
demonstrating the nongenetic nature of this ge- 
nome function. 

The genome also plays a role in a later step of 
nuclear reassembly, during the formation of nu- 
clear pore complexes (NPCs) (21, 22) (Fig. 2). NPCs 
are inserted into the reassembling nuclear mem- 
brane in telophase, as cells enter G,. In both mouse 
and Xenopus extracts, depletion of histone H3.3 
or H4 prevents the formation of NPCs during 
postmitotic nuclear assembly, although nuclear 
membrane assembly occurs normally, directly 
demonstrating a scaffolding role for the gnome 
in assembly of NPCs (2-23). The mechanism 
for this function of nucleosomes in NPC assembly 
is nongenetic and involves the nuclear pore protein 
ELYS, which initiates the assembly process by 
acting as a key adaptor protein between chro- 
matin and the NPC and in this way initiates the 
assembly process (2/-23). An even broader role 
of nucleosomes and chromatin in the formation 
and assembly of the nuclear periphery is suggested 
by the finding that in Xenopus the assembly of 
the nuclear lamina is incomplete in the absence 
of nucleosomes (27). Furthermore, the lysine 
demethylase LSD1, implicated in chromatin 
compaction, is required for the in vitro assembly 
of the nuclear envelope and the NPC in Xenopus 
extracts (24). These observations suggest that 
chromatin globally affects the assembly and struc- 
ture of the nuclear envelope by nongenetic means. 


A related function of the genome is its con- 
tribution to determining nuclear size. Although 
one mechanism for determining nuclear size ap- 
pears to be the sensing of the nuclear/cytoplasmic 
ratio of soluble factors (25), several independent 
lines of observations suggest a critical role for 
global genome architecture, and for chromatin 
condensation in particular, in nuclear size con- 
trol. In eukaryotic cells, chromatin condensation 
is mediated by the ubiquitous and abundant 
linker histone H1 family of chromatin binding 
proteins (26). A direct role for Hl-mediated chro- 
matin condensation in nuclear size determina- 
tion is evident from observations in Tetrahymena, 
which contains a large macronucleus and a small 
micronucleus, each with a distinct H1 isoform. 
Depletion of either H1 isoform results in nuclear 
enlargement but affects only the nucleus in which 
the specific isoform is normally present (27). Sim- 
ilarly, RNA interference-mediated knockdown 
of condensins, which play key roles in preparing 
chromosomes for mitosis by facilitating their 
compaction (28), increases nuclear size in both 
mouse embryonic stem cells and human cells 
(29, 30). A physiological role for condensins in 
controlling nuclear size is also evident in mouse 
T cells, which fail to compact their nuclei and do 
not enter quiescence in the absence of condensin 
II (32). An additional architectural chromatin 
factor implicated in nuclear size control is the 
methyl-CpG binding protein MeCP2, whose loss 
in neurons, where it is expressed at high levels, 
leads to substantial nuclear shrinkage, possi- 
bly via its interplay with linker histone H1 (32). 
Taken together, these observations suggest that 
the global chromatin condensation status in a 
nucleus contributes to determining its size, evi- 
dently through nongenetic mechanisms. 


The genome in the cellular response 
to mechanical forces 


The accumulation of heterochromatin at the edge 
of the cell nucleus is an evolutionarily conserved 
feature of most eukaryotes (2). Targeting of com- 
pact heterochromatin to the nuclear periphery is 
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Fig. 2. The genome as a scaffold for nuclear assembly. The cell nucleus disassembles during cell division. The genome serves as a critical scaffold to 
organize nuclear envelope fragments (blue) and nuclear pore components (pink) during formation of the nucleus in the two daughter cells. 
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Fig. 3. Genome compactness enhances the sturdiness of the nucleus. (A) Mechanical forces can deform the nucleus. (B to D) Nuclear deformations 
are larger in cells with defective lamina or decompacted chromatin and larger still in cells that have both defective lamina and decompacted chromatin. 
Size of red arrow indicates the relative intranuclear opposing force. 


generally thought to serve mainly as a means to 
facilitate gene silencing (33); however, several 
observations suggest that the peripheral seques- 
tration of heterochromatin may also enhance the 
structural robustness of the nucleus and strengthen 
its ability to withstand physical challenges, such 
as mechanical forces exerted during cell migration 
or in mechanically active tissues (34, 35) (Fig. 3). 

Initial evidence for a role of chromatin in con- 
ferring nuclear robustness comes from obser- 
vations in the yeast Schizosaccharomyces pombe, 
where the condensed centromeric chromatin is 
clustered and positioned opposite the micro- 
tubule organizing center, the region of the nu- 
cleus that is subjected to the strongest mechanical 
forces generated in the cytoplasm (36-38). Mu- 
tations in the nuclear proteins HEH1, HEH2, 
and IMAI, which tether chromatin to the inner 
nuclear membrane, lower the ability of nuclei 
to withstand mechanical forces emanating from 
microtubules assembled in the cytoplasm, as dem- 
onstrated by decreased nuclear stiffness when 
challenged by optical tweezers (37, 38). 

In vertebrate cells, the nucleoplasmic side of 
the nuclear membrane is lined by the nuclear 
lamina, a meshwork of intermediate filaments 
that supports and strengthens the nuclear mem- 
brane, thereby providing mechanical stability to 
the nucleus (Fig. 3). In mouse embryonic fibro- 
blasts, down-regulation of the Prdm3 and Prdm16 
methyltransferases, which facilitate heterochro- 
matic histone H3 Lys® methylation and promote 
heterochromatinization, leads not only to de- 
creased chromatin compaction but also to dis- 
ruption of the nuclear lamina, invaginations 
of the nuclear envelope, and changes in nuclear 
shape (39). In addition, nuclear blebbing (defor- 
mation of the nucleus upon weakening of the 
nuclear lamina) and defects in the nuclear mem- 
brane have been observed in human laminopa- 
thies, diseases caused by mutations in the genes 
encoding the lamin proteins (77); similar defects 
are seen in tissue culture cells overexpressing 
HMGN5 (35), an architectural chromatin protein 
known to promote chromatin decompaction by 
reducing the ability of the linker histone H1 to 
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bind to nucleosomes (40). In these cells, the 
levels of lamina components or histone modifi- 
cations associated with condensed heterochro- 
matin remain unaltered, which suggests that the 
defects in the nuclear membrane and lamina are 
directly due to changes in chromatin compaction. 

An obvious interpretation of these findings 
is that chromatin decompaction likely alters 
the mechanical properties of the nucleus in a 
manner similar to that in cells with defective 
lamina components (41, 42). The notion that 
chromatin decondensation weakens the abil- 
ity of the nucleus to withstand mechanical force 
is also supported by the finding that in Lmna”~ 
cells, which lack nuclear lamins A and C and 
already have a weakened lamina, chromatin de- 
compaction synergistically reduces nuclear robust- 
ness (35) (Fig. 3). Although these observations 
point to an interplay between chromatin and the 
lamina in determining the mechanical properties 
of nuclei, the finding that nuclear stiffness changes 
upon alterations in the nuclear ionic environment 
without apparent changes to the lamina structure 
suggests that chromatin by itself contributes sig- 
nificantly, and directly, to determining the mechan- 
ical properties of nuclei (43). 

Evidence for a physiological, nongenetic role 
for heterochromatin in supporting lamina integ- 
rity and nuclear robustness comes from analy- 
ses of transgenic mice. Global overexpression of 
HMGNS leads to a hypertrophic heart harboring 
large cells with enlarged nuclei lacking visually 
detectable condensed heterochromatin, and to 
death within a few months of birth (35); this 
phenotype is similar to that of Lmna”~ mice 
(44). Transgenic mice that overexpress HMGN5 
only in the heart are born with cardiomyocytes 
lacking heterochromatin, yet their heart and 
cardiomyocytes appear normal, their lamina is 
intact, and the transcription profile of their heart 
tissue is indistinguishable from that of wild-type 
mice. However, most animals die within 3 months 
of birth, showing marked cardiac hypertrophy 
with extremely large cells and nuclei in which 
the lamina is disrupted (35). These pathologies 
are likely caused by loss of heterochromatin, 


which gradually diminishes the ability of the nu- 
cleus to withstand the mechanical forces of the 
continuously beating heart (35). 

The importance of genome condensation in 
the physiological response to mechanical stress 
is also evident in mouse melanoma cells, where 
forces generated by microtubule reassembly after 
chemically induced depolymerization lead to in- 
vagination of both the nuclear envelope and 
the underlying lamina opposite the microtubule 
organizing center (MTOC) (45). Imaging of live 
cells revealed a transient accumulation of hetero- 
chromatin at the membrane invagination sites 
located closest to the MTOC, which suggests 
that the deformations in the nuclear membrane 
trigger genome reorganizations, perhaps aimed at 
counteracting and minimizing deleterious effects 
of physical changes in the nuclear membrane (45). 

Taken together, these observations suggest that 
targeting heterochromatin to the nuclear periph- 
ery not only serves a genetic function via silencing 
of subset of genes, but also strengthens the nuclear 
lamina and the nuclear membrane by nongenetic 
means, thereby supporting the structural integrity 
of the nucleus. This function of the genome may 
be especially crucial in cells exposed to mechanical 
stress, such as cardiomyocytes and migrating cells. 


Genome organization in cell migration 


Cell migration is involved in a wide range of bi- 
ological processes including development, tumor 
progression, tissue renewal, and immune re- 
sponses. The nucleus is the largest and stiffest 
cellular organelle, and its large size and rigidity 
limit the ability of cells to easily move through 
restricted spaces. Consequently, during cell mi- 
gration, the nucleus is exposed to considerable 
mechanical stress as it undergoes changes in 
shape to facilitate passage through the narrow 
constrictions imposed by tissues (46) (Fig. 4). The 
integrity of the nuclear lamina and its components 
is known to play a major role in nuclear reshaping 
and its ability to withstand mechanical stress 
during migration. Changes in the nuclear lamina 
that increase nuclear stiffness lower the rate of cell 
migration, whereas decreased nuclear stiffness can 
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reduce the viability of migrating cells (47, 48). 
Although the nuclear lamina plays a major role in 
affecting nuclear deformations during cell mi- 
gration, additional factors, including the organi- 
zation of the genome inside the nucleus, may 
affect this process (34, 49). 

A major factor affecting genome organization 
is the dynamic binding of linker H1 variants to 
chromatin (50). H1 variant molecules continually 
cycle between chromatin-bound and unbound 
states, and the length of their chromatin resi- 
dence time is related to the degree of chromatin 
compaction, with shorter residence times in de- 
compacted chromatin (50). In mouse melanoma 
cells, migration cues result in an increase in the 
time that H1 variants remain bound to chroma- 
tin, leading to an increase in chromatin com- 
paction. Migrating melanoma cells also exhibit 
increased levels of histone H3 Lys° trimethylation, 
histone H3 Lys’ trimethylation, and histone H4 
Lys”? methylation—histone modifications that 
mark transcriptionally silent or condensed _het- 
erochromatin (57)—as well as a decreased rate of 
nuclease digestion, an assay for chromatin com- 
paction (52). It thus appears that cell migration 
is associated with chromatin compaction. Con- 
versely, chromatin decompaction reduces the 
rate of cell migration. These effects are seen in 
the presence of transcriptional inhibitors, which 
suggests that the lower rate of migration is main- 
ly due to alteration in chromatin organization 
rather than to transcriptional responses (53), 
strongly pointing to nongenetic mechanisms. A 
direct causal link between chromatin conden- 
sation and enhanced cell migration is also seen 
during migration of immune T cells and their 
extravasation into inflamed tissues (54). T cell 
migration is facilitated by integrin-induced re- 
cruitment of the histone methyltransferase G9a 
to the nuclear periphery, where it methylates 
specific residues in histone H3, thereby promot- 
ing chromatin condensation and alterations in the 
physical properties of the nucleus that facilitate T 
cell migration (54). 

Changes in chromatin condensation and cell 
migration have also been seen in studies aimed 
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at understanding the biological consequences of 
alteration in histone modifications during tu- 
mor invasion (55) and during development (56). 
In these processes, the effects of several histone 
modifications on cell migration were attributed 
to a genetic mechanism via their role in control 
of gene expression programs. However, it is also 
possible that some of the observed migration de- 
fects were due to epigenetically induced changes 
in global chromatin organization rather than to 
altered gene expression patterns. The decrease in 
nuclear size and the increase in the stability of the 
nuclear lamina resulting from chromatin con- 
densation likely minimize potential damage dur- 
ing nuclear reshaping, thereby enhancing the 
migration ability of cells (34). 


Chromatin-mediated signaling 


The complex higher-order topology of the ge- 
nome serves as an efficient binding platform for 
a wide range of cellular components. Although 
binding of chromatin remodelers and transcrip- 
tion factors to the genome leads to changes in 
gene expression patterns, other binding events 
occur in the genome that do not result in gene 
regulation but elicit downstream effects by non- 
genetic means. In particular, chromatin binding 
has been implicated in activation of cellular sig- 
naling pathways (Fig. 5). 

A prominent example of chromatin-mediated 
signaling is the spindle checkpoint response (57). 
Segregation of mitotic chromosomes is mediated 
by the spindle microtubules, which attach to the 
chromosomes to align them at the metaphase 
plate. The attachment of microtubules occurs at 
the kinetochore, a complex proteinaceous struc- 
ture that forms at the centromere, a specialized 
region of chromosomes, which is characterized 
by the presence of specific core histone proteins, 
CENP-A in mammals and Cse4 in Saccharomyces 
cerevisiae (57). The spindle checkpoint is a sig- 
naling cascade that emanates from the kineto- 
chore and involves the recruitment of a complex 
set of kinetochore-associated proteins, such as 
BUB1-3 and MAD1-3, to chromatin (Fig. 5A). As- 
sociation of these proteins with chromatin in- 


Fig. 4. Nuclear rearrangements during cellular migration. Cellular migration through narrow spaces 
leads to deformation of the nucleus, structural changes in the nuclear envelope (blue) and lamina (red), 


and genome reorganization. 
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hibits the activity of the anaphase-promoting 
complex (APC), which controls the destruction 
of mitotic cyclins and thus controls exit from 
mitosis. As long as the checkpoint proteins are 
bound to the kinetochore, APC is inhibited and 
cells do not proceed through mitosis. Proper 
attachment of microtubules to all kinetochores, 
most likely via sensing of microtubule tension, 
generates a signal to activate APC by releasing 
bound proteins, thus triggering progression into 
anaphase (Fig. 5A). In parallel, the protein phos- 
phatase PP1-Sds22 binds to kinetochores when 
they reach the cortex in late anaphase, and ap- 
pears to trigger subsequent cytokinesis (58). 
Both of these signaling pathways rely on, and 
are triggered by, the regulated binding of signaling 
components to chromatin in specialized regions 
of the chromosome (57, 58). Indeed, recent studies 
demonstrate that loss of methylation of H3 Lys? 
at the centromere leads to defects in both sister 
chromatid cohesion and kinetochore attachment, 
ultimately causing chromosomal instability, a 
major driver of tumor progression (59). 

A related function of chromatin-bound pro- 
teins is in defining the spatial orientation of the 
mitotic spindle and the cleavage furrow. Mitotic 
chromosomes generate from their surface a gra- 
dient of the guanosine triphosphate-bound form 
of Ran (Ras-related nuclear protein), which is 
implicated in nuclear transport during inter- 
phase and spindle assembly in mitosis (60). The 
gradient is generated by retention of the Ran 
exchange factor RCC1 on the mitotic chromo- 
somes via binding to chromatin (67). The Ran 
gradient promotes spindle assembly and also 
influences spindle positioning via displacement 
of the LGN protein, which is involved in center- 
ing the spindle and maintaining its localization 
(62). Similarly, chromatin serves as a regulatory 
binding platform for a group of proteins referred 
to as chromosome passenger complex (CPC) pro- 
teins. These proteins are essential for accurate 
progression of cells through mitosis and associ- 
ate with condensed chromosomes during early 
stages of mitosis (63). Their controlled release 
from chromatin at late stages of mitosis is a key 
regulator step in cell division, as it allows the CPC 
proteins to associate with the central spindle and 
the mid-body where they play critical roles in for- 
mation of the cleavage furrow and abscission (63). 

A nongenetic signaling activity of chromatin 
is also evident from several findings indicating 
that the condensation status of chromatin can be 
sensed by components of the DNA damage re- 
sponse (DDR) machinery (64, 65) (Fig. 5B). The 
essential cell cycle checkpoint kinase ATR is 
thought to promote the detachment of chromatin 
from the nuclear envelope during replication and 
to ease the topological strain on the chromatin 
fiber (64, 66). Recent observations suggest that 
ATR is activated by changes in chromatin struc- 
ture induced by mechanical and topological strain, 
such as unwinding during replication (64). In 
normally growing cells, ATR localizes in part to 
the nuclear envelope, but it also accumulates at 
the nuclear periphery in response to various stres- 
sors including osmotic stress and mechanical 
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force (64). ATR activation during mechanical 
strain is independent of DNA damage, which sug- 
gests that the kinase does not sense DNA damage 
but detects topological changes in chromatin or 
the nuclear membrane. Sensing of the chromatin 
condensation status may be of physiological rel- 
evance when chromosomes begin to compact 
during mitotic prophase, because inhibition of 
ATR in early mitosis delays full chromatin con- 
densation, leading to delayed nuclear envelope 
breakdown and progression through mitosis (64). 
Independent evidence that changes in chromatin 
structure can trigger DDR signaling cascades 
comes from experiments in which highly com- 
pacted chromatin domains were generated by 
stably tethering heterochromatin binding factors 
such as heterochromatin protein HP1 to chromatin 
(65), which led to ATM- and ATR-dependent ac- 
tivation of canonical DNA damage responses, 
even in the absence of detectable DNA damage 
(65). Similarly, DDR activation without DNA dam- 
age also occurs upon global decondensation of 
chromatin (67). 

These observations of ATR signaling A 
and chromatin-mediated DDR induction 
in response to structural changes of chro- 
matin suggest that the DDR machinery not 
only recognizes DNA breaks but may also 
be able to detect changes in chromatin 
structure. Sensing of chromatin structure 
by the DDR machinery may be an inte- 
gral function of the regular DDR cascade, 
because recent analysis by live-cell imag- 
ing demonstrates that chromatin domains 
flanking the site of DNA damage undergo 
sequential decondensation and reconden- 
sation (68, 69). It is thus tempting to spec- 
ulate that chromatin structure serves as 
a signal to alert the DDR machinery to 
damage occurring in the DNA sequence, 
and that the DDR machinery not only re- 
pairs damaged genome regions but also 
continuously surveys the physical orga- 
nization of the genome. B 


Chromatin organization as a 
facilitator of nocturnal vision 


A striking example of a nongenetic role 
of the genome that affects the biological 
function of a tissue rather than that of 
single cells is seen in the physiology of 
vision in nocturnal animals. Extensive com- 
parative analysis of the global organiza- 
tion of the genome in rod photoreceptor 
cells from evolutionarily distant species 
revealed a remarkable correlation between 
heterochromatin organization and the ca- 
pacity of animals for night vision (70). Where- 
as in most cell types and species the highly 


B receptor), which appear to tether heterochro- 
matin to the periphery (72). The likely evolutionary 
basis driving the inversion of heterochromatin 
location in nocturnal animals are the resulting 
beneficial changes of the optical properties of 
the rod cells, because the inverted pattern of 
heterochromatin location leads to a considerably 
higher refractive index at the center of the nucleus, 
thereby reducing light scattering and enhancing 
the focusing of light onto the photoreceptor plane 
(70). It thus appears that in the case of mam- 
malian night vision, evolutionary pressure has 
selected for a physical, nongenetic, rather than 
a genetic, property of the genome. 


Outlook 


The genome has traditionally been thought to 
exert its function exclusively by genetic means. 
However, it is increasingly apparent that ge- 
nomes also affect and regulate a large array of 
vital cellular and physiological processes through 
their physical properties via nongenetic means. 
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Given that only a relatively small fraction of the 
genome is transcribed into protein-coding or 
noncoding RNAs, it is intriguing to entertain 
the possibility that the presence of large non- 
transcribed regions is not only a remnant of 
evolutionary genetic reshuffling events but may 
also serve to enhance its nongenetic functions 
by increasing the physical mass of the genetic 
material. It is notable that several of the cellular 
processes affected by nongenetic functions are 
intimately linked to mitosis, including postmitotic 
assembly of the nuclear membrane, chromatin- 
initiated spindle checkpoint signaling, and chro- 
matin condensation, allowing for the possibility 
that nongenetic genome functions are particularly 
relevant for ensuring proper cell cycle progression. 
It is highly likely that additional unanticipated 
nongenetic functions of the genome will be dis- 
covered. For example, chromatin and chromatin 
binding proteins are already known to signal not 
only within the confines of the cell but also extra- 
cellularly, where they can function as immune 
triggers and are involved in the etiology 
of lupus erythematosus (72), enhance the 
sensing of cytoplasmic DNA in innate im- 
mune recognition (73, 74), and can act as 
cytokines in apoptosis, inflammation, and 
infection (75-78). 

The realization that the physical prop- 
erties of genomes have a substantial im- 
pact on a diverse set of cellular functions 
calls for several avenues of further inves- 
tigation. For one, it will be critical to de- 
termine the biophysical properties of the 


MT genome in intact cells. A key step in char- 


acterizing nongenetic functions of the 
genome will be the development of live- 
cell and intravital approaches to measure 
the type and magnitude of forces the ge- 
nome exerts on its surroundings, as well 
as the forces to which the genome is ex- 
posed, in intact cells under various phys- 
iological and environmental conditions. 
Likewise, novel experimental and com- 
putational methods need to be developed 
to probe, simulate, and quantify the phy- 
sical properties of the nuclear environ- 
ment and to determine how forces are 
transmitted from and to the genome. Be- 
cause many of the nongenetic functions of 
the genome involve interaction with struc- 
tural elements of the nucleus, such as the 
lamina or the nuclear pore complex, fur- 
ther investigation of these interplays should 
be useful in characterizing new genome 
functions. A particularly intriguing aspect 
of nongenetic genome function is its role 
in signaling events where the genome 
seems to serve as an assembly platform 


condensed heterochromatin regions of the 
genome are found at the nuclear periphery, 
in rod cells of nocturnal animals the orien- 
tation is inverted, with most heterochromatin 
congregated in the nuclear interior (70). 
The mechanism for this orientation in- 
volves the lamin A/C proteins and the in- 
ner nuclear membrane protein LBR damin 
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Fig. 5. The genome as a signaling platform. (A) Proteins of 
the spindle assembly checkpoint (SAC; orange) bind via the 
kinetochore (blue) to mitotic chromosomes at centromeres. 
Upon binding of microtubules (MT) to kinetochores, SAC proteins 
are released and promote M-phase progression. (B) Topologically 
strained or highly condensed chromosome regions can be recog- 
nized by DNA damage sensors (red) and activate DNA damage 
response (DDR) pathways. 
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for signaling complexes. Characterization 
of chromatin-associated signaling complexes 
and of the physiological consequences of 
their interactions with the genome will be 
of considerable interest. 

In addition to measuring the physical 
properties of the genome, it will be equally, 
if not more, important to develop methods 
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to manipulate nongenetic genome features in 
intact cells to test their functional consequences, 
akin to the use of overexpression and gene in- 
hibition to probe genetic functions of the genome. 
Nanomanipulation devices and light-induced op- 
togenetic methods may be promising approaches 
to alter the physical properties of the genome 
in single cells. Ideally, these methods will be 
applicable to whole-animal studies so as to al- 
low testing of nongenetic genome functions in 
physiological settings. 

The observations discussed here highlight the 
emerging notion that the functions of the ge- 
nome are substantially more diverse than merely 
the regulation of gene expression, and that the 
genome’s physical nongenetic properties play a 
central role in cellular function. Although decades 
of studies on the regulation of gene expression 
have led to some of the most revolutionary ad- 
vances in biology, our understanding the ge- 
nome will be incomplete without elucidation of 
these nongenetic genome functions. 
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INTRODUCTION: SHANKS is a scaffolding 
protein that is enriched in postsynaptic den- 
sities of excitatory synapses but ubiquitously 
expressed in most cells. SHANK3 gene muta- 
tions are significantly associated with autism 
spectrum disorders (ASDs), and deletion of 
SHANKS is thought to cause the major symp- 
toms of Phelan-McDermid syndrome. Moreover, 
increasing evidence links SHANK3 mutations to 
schizophrenia. Because SHANKS is a synaptic 
protein, SHANK3 mutations are thought to 
predispose to neuropsychiatric disorders by im- 
pairing synaptic function. How SHANK3 mu- 
tations are pathogenic, however, remains unclear. 


RATIONALE: Human neurons derived from 
Phelan-McDermid syndrome patients display 
complex abnormalities, including synaptic def- 
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icits and altered intrinsic electrical properties. 
Although some of these abnormalities are re- 
versed by SHANK3 reexpression, the altered 
electrical properties are difficult to reconcile 
with a primarily synaptic impairment. Moreover, 
in mice, Shank3 deletions produce behavioral 
changes and synaptic transmission deficits, al- 
though no cellular phenotype has been identified. 
Here, we explored the pathogenetic mechanism 
of human SHANK3 mutations with a condi- 
tional genetic approach in human neurons and 
correlated the results with those obtained in 
Shank3-mutant mouse neurons. We introduced 
conditional SHANK3 deletions into human 
embryonic stem cells and examined isogenic 
control and heterozygous and homozygous 
SHANK3-mutant neurons derived from these 
conditionally mutant cells. In addition, we 
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Conditional SHANK3 deletion in human neurons impairs |,, channel. Comparison of isogenic 
control and SHANK3-deficient human neurons reveals that heterozygous and homozygous SHANK3 
mutations dramatically decrease /,-channel function, resulting in multifarious secondary impairments, 
including a decrease in dendritic arborization and synaptic responses and an increase in input resistance 


and neuronal excitability. 
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analyzed developing mouse Shank3-mutant 
neurons and compared their phenotype with 
that of human SHANK3-mutant neurons. 


RESULTS: Heterozygous and homozygous 
SHANK3-mutant human neurons displayed 
diverse abnormalities, ranging from a mas- 
sive increase in input resistance to increased 
excitability, modest impairments in dendritic 
arborization, and decreases in synaptic trans- 
mission. Because the increased input resistance 
suggested an altered channel conductance 
as a primary impairment, we tested various 
conductances. We found that the SHANK3 
mutations caused a profound impairment in 
hyperpolarization-activated cation (/,) currents, 
which are mediated by hyperpolarization- 
activated cyclic nucleotide-gated (HCN) chan- 
nels. This impairment produced the increased 
input resistance; moreover, chronic pharmaco- 
logical inhibition of J, 
currents in wild-type hu- 
Read the full article ™an neurons impaired 
at http://dx.doi. dendritic arborization and 
org/10.1126/ synaptic transmission sim- 
science.aaf2669 ilar to the SHANK3 muta- 
tions. Mechanistically, we 
detected a direct interaction of HCN channels 
with SHANK3 protein and observed a de- 
crease in HCN-channel proteins in SHANK3- 
mutant neurons. Finally, we found that developing 
hippocampal neurons cultured from heterozy- 
gous and homozygous Shank3-mutant mice 
also exhibited an increased input resistance, 
reduced Jf, currents, and an increased excitability 
similar to SHANK3-mutant human neurons. 


CONCLUSION: Using human neurons with 
conditional SHANK3 mutations, we found that 
SHANK3 mutations impair /,-channel function, 
thereby increasing neuronal input resistance 
and enhancing neuronal excitability. This im- 
pairment in intrinsic electrical properties ac- 
counts, at least in part, for the decreased 
dendritic arborization and synaptic transmis- 
sion of SHANK3-mutant neurons. The reduced 
J,-current phenotype manifests early in neu- 
ronal development and is similarly observed 
in immature Shank3-mutant mouse neurons. 
We propose that, in addition to having a spe- 
cifically postsynaptic function, SHANK3 protein 
may perform a general role during neurodevel- 
opment by scaffolding HCN channels that me- 
diate 4, currents in neurons and nonneuronal 
cells consistent with the ubiquitous expression 
of SHANK3. Thus, we hypothesize that SHANK3 
mutations induce an J, channelopathy that 
contributes to ASD pathogenesis and may be 
amenable to pharmacological intervention. 
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Heterozygous SHANK3 mutations are associated with idiopathic autism and 
Phelan-McDermid syndrome. SHANKS3 is a ubiquitously expressed scaffolding protein 
that is enriched in postsynaptic excitatory synapses. Here, we used engineered 
conditional mutations in human neurons and found that heterozygous and homozygous 
SHANK3 mutations severely and specifically impaired hyperpolarization-activated 
cation (/,) channels. SHANK3 mutations caused alterations in neuronal morphology 
and synaptic connectivity; chronic pharmacological blockage of /,, channels reproduced 
these phenotypes, suggesting that they may be secondary to /,-channel impairment. 
Moreover, mouse Shank3-deficient neurons also exhibited severe decreases in |, 
currents. SHANK3 protein interacted with hyperpolarization-activated cyclic 
nucleotide-gated channel proteins (HCN proteins) that form /, channels, indicating 
that SHANK3 functions to organize HCN channels. Our data suggest that SHANK3 
mutations predispose to autism, at least partially, by inducing an /,, channelopathy that 
may be amenable to pharmacological intervention. 


aploinsufficiency of SHANK3 constitutes 

one of the more frequent single-gene muta- 

tions in autism spectrum disorders (ASDs) 

(—5). Moreover, SHANK3 is among several 

genes deleted in Phelan-McDermid syn- 
drome (22q13.3 deletion syndrome), and SHANK3 
haploinsufficiency may be the most important 
contributing factor to Phelan-McDermid syndrome 
pathology (J-5). In addition, emerging evidence 
links SHANK3 mutations to schizophrenia (6, 7), 
and SHANK3 overexpression has also been im- 
plicated in neuropsychiatric disorders (8). Anal- 
ysis of human neurons differentiated from induced 
pluripotent stem cells (iPSC) from patients with 
Phelan-McDermid syndrome have revealed two 
apparently disparate phenotypes, an impairment 
in synaptic transmission and an increase in input 
resistance (9). The synaptic impairments of Phelan- 
McDermid neurons are rescued with SHANK3 (9), 
consistent with the presence of SHANK3 in post- 
synaptic specializations where SHANK3 is thought 
to function as a scaffolding protein that organizes 
receptor signaling (JO-72). Thus, Phelan-McDermid 
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syndrome may result from a synaptic impairment 
caused by SHANK3 haploinsufficiency. The dra- 
matically increased input resistance of Phelan- 
McDermid neurons, however, remains an enigma 
(9). Because human neurons with sole SHANK3 
mutations have not been analyzed, the role of 
SHANK3 in the phenotypes of Phelan-McDermid 
neurons remains incompletely understood, as does 
the functional effect of a pure SHANK3 haploin- 
sufficiency on human neurons. In mice, hetero- 
zygous and homozygous Shank3 mutations cause 
a behavioral phenotype resembling autism and/or 
obsessive-compulsive disorders and produce changes 
in synaptic transmission (13-21). However, the 
underlying molecular mechanisms and possible 
contributory nonsynaptic effects are unclear, as 
are the cellular effects of murine Shank3 mutations. 

To address these issues that are crucial for 
progress toward understanding ASDs and Phelan- 
McDermid syndrome, we generated human neu- 
rons with conditional heterozygous and homozygous 
SHANK3 loss-of-function mutations. Unexpectedly, 
we found that, besides causing synaptic impair- 
ments, loss of SHANK3 function selectively and 
severely impaired hyperpolarization-activated cat- 
ion (J,) currents. We observed that SHANK3 pro- 
tein directly bound to hyperpolarization-activated 
cyclic nucleotide-gated channel (HCN) proteins 
mediating /, currents and that at least some of 
the synaptic impairments in SHANK3-mutant 
human neurons are an indirect result of the J, 
channelopathy produced by the SHANK3 muta- 
tions during neuronal development. Finally, we 
observed a similar phenotype in Shank3-deficient 


mouse neurons, suggesting a general function for 
SHANK3 in scaffolding HCN channels. 


Generation of heterozygous SHANK3 
conditional knockout (cKO) mutations 


To investigate the role of SHANK3 mutations in 
human neurons, we constructed conditional muta- 
tions in the SHANK3 gene in human H1 embryonic 
stem cells (ES cells) using homologous recombina- 
tion (Fig. 1, A and B, and fig. S1) (22). We chose 
this approach because it enables generation of 
matching control and mutant neurons from the 
same ES cell clones, thus eliminating subclone-to- 
subclone variability. The SHANK3 locus expresses 
multiple transcripts that encode different SHANK3 
isoforms with distinct protein interaction domains 
(Fig. 1A and fig. S2A). To conditionally delete major 
SHANKS isoforms, we targeted exon 13 of the 
SHANK3 gene whose deletion causes a frame- 
shift in all major SHANK3 mRNAs. 

We converted heterozygous conditionally mutant 
SHANK3*/"° Es cells into neurons by forced ex- 
pression of the transcription factor Ngn2, which 
generates a homogenous population of glutama- 
tergic excitatory neurons with abundant synapse 
formation (23). We coexpressed active (Cre) or 
mutant Cre-recombinase (ACre) with Ngn2 during 
neuronal differentiation to produce precisely 
matching wild-type [ACre (SHANK3*’*)] and het- 
erozygous mutant neurons [Cre (SHANK3*/-)] 
(24, 25), using two independently targeted hetero- 
zygous clones of SHANK3*/“° ES cells to control 
for clonal variation (Fig. 1C). Immunoblotting and 
polymerase chain reaction (PCR) demonstrated 
that the heterozygous SHANK3 KO decreased 
SHANKS expression but left SHANK1 and SHANK2 
expression unchanged (Fig. 1D and figs. $1, D and 
E, S2B, and S3). No significant changes in other 
synaptic proteins were observed except for a de- 
crease in PSD95 that is known to bind to SHANKs 
(fig. S2, C and D) (10-12). 


SHANKS haploinsufficiency impairs 
dendritic arborization, intrinsic 
electrical properties, and synaptic 
transmission in human neurons 


Human SHANK3*~ neurons exhibited a typical 
neuronal morphology with abundant synapse forma- 
tion (Fig. IE). When we quantified the morphological 
features of matching SHANK3’* and SHANK3*— 
neurons derived from independently derived ES cell 
clones, we observed that SHANK? haploinsufficiency 
significantly decreased the length and branching of 
neurites but had no significant effect on the density 
or size of synapsin-positive synapses (Fig. 1, F to I). 

Next, we performed whole-cell patch-clamp re- 
cordings from matching SHANK3”* and SHANK3”~ 
neurons. SHANK3 haploinsufficiency caused a large 
increase (~25 to 33%) in input resistance with- 
out a change in capacitance (Fig. 2A). Moreover, 
SHANK3*~ neurons exhibited a major decrease in 
evoked excitatory postsynaptic currents (EPSCs) 
(~40 to 50% decrease) and in the amplitude of 
spontaneous miniature EPSCs (mEPSCs) (~25% de- 
crease) but not in other mEPSC parameters (Fig. 2, 
B and C, and fig. S2E). Overall, these results resem- 
ble those obtained with Phelan-McDermid neurons 
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(9), supporting the notion that despite the large 
genomic deletion present in Phelan-McDermid 
neurons, SHANK3 haploinsufficiency may account 
for most Phelan-McDermid syndrome phenotypes. 


Homozygous SHANK3 deletion 
aggravates SHANK3 
haploinsufficiency phenotype 


To inquire whether homozygous SHANK3 muta- 
tions produce phenotypes similar to those of het- 


Fig. 1. SHANK3 haploinsufficiency A 
impairs dendritic development of 

human neurons. (A) Diagram of the 
SHANK3 gene and of the three major 
SHANK3 transcripts that are blocked by 
conditional deletion of exon 13 (yellow). 


12 


converted into human SHANK3*“* or 
SHANK3*~ neurons by coexpression of 
Ngn2 with either mutant inactive Cre- 
recombinase (ACre) or active Cre- 
recombinase (Cre). (D) Reduction of 
SHANKS protein levels in human 
SHANK3*“ neurons derived from two 
independent SHANK3**° ES cell 
clones. (E) Representative images of 
SHANK3** and SHANK3*~ neurons 
(day 21) labeled by double immuno- 
fluorescence for MAP2 (red) and syn- 
apsin (green). (F) Representative 
dendritic arborization analyses by 
MetaMorph software of SHANK3** and 
SHANK3*~ neurons (sparsely trans- 
fected with EGFP). (G@) SHANK3 hap- 
loinsufficiency impairs dendritic 
arborization (Summary graphs of indi- 
cated parameters measured in 
matching SHANK3** and SHANK3*”— 
neurons derived from independent 
SHANK3*““° ES cell clones; normal- 
ized to SHANK3** controls). (H) Rep- 
resentative images of SHANK3** and 
SHANK3*~ dendrites stained for MAP2 
(red) and synapsin (green) for analysis 
of synaptic puncta by MetaMorph 
software. (If) Summary graphs of den- 
dritic synaptic puncta density and size in H 
SHANK3** and SHANK3*~ neurons 
derived from two independent 
SHANK3*“° ES cell clones. Data in 
(G) and (I) are means + SEM. Numbers 
of cells/independent cultures analyzed 
are shown in the bars. Statistical signif- 
icance was evaluated by Student's t test 
(*P < 0.05; **P < 0.01). For additional 
data, see figs. Sl and S2. 
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erozygous SHANK3 mutations, we generated 
mutant H1 ES cells with homozygous conditional 
SHANK3 mutations (22) and converted them into 
matching SHANK3”* or SHANK3”~ neurons by 
coexpression of Ngn2 and inactive or active 
Cre-recombinase, respectively (Fig. 3A and fig. 
S4). Immunoblotting confirmed that the major 
SHANK3 protein isoforms were no longer ex- 
pressed in SHANK3~~ neurons (Fig. 3B and fig. 
S4E). Quantitative analyses uncovered a similar, 


but more severe, phenotype in SHANK37”~ neurons 
than in SHANK3*~ neurons, with a significant 
decrease in dendritic arborization and in synapse 
density (Fig. 3, C to F, and fig. S5). Electrophysio- 
logically, SHANK3~~ neurons also exhibited a large 
increase in input resistance, a massive decrease in 
evoked EPSC amplitude, and a significant decrease 
in mEPSC amplitude similar to SHANK3”~ neu- 
rons (Fig. 3, G to I). In addition, SHANK3/— 
neurons displayed a decrease in capacitance and 
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a notable decline in mEPSC frequency (Fig. 3, G 
and I). 

Viewed together, our results suggest that con- 
ditional heterozygous and homozygous deletions 
of SHANK3 produce similar phenotypes in human 
neurons. Although the SHANK3-mutant neurons 
clearly exhibit synaptic impairments, their increased 
input resistance and decreased dendritic arboriza- 
tion cannot be readily explained in terms of a 
synaptic change, prompting us to search for other 
pathogenetic mechanisms. 


Heterozygous and homozygous SHANK3 
mutations impair /,, currents 


The input resistance of neurons depends at least 
in part on their ionic conductances and ion channels. 
Thus, we first asked whether changes in voltage- 
gated Na* channels or K* channels (delayed recti- 
fier), which generate action potentials and determine 
neuronal excitability, could be responsible for the 
increased input resistance of SHANK3-mutant 
neurons, prompted in part by binding of SHANK3 
to K* channels (26). However, we detected no 
changes in Na* or K*currents in SHANK3-mutant 


neurons (fig. S6). We next investigated whether 
decreased ionotropic glutamate receptor activa- 
tion caused by impaired synaptic transmission 
in SHANK3-mutant neurons might be responsible. 
However, blocking ionotropic glutamate receptors 
had no effect on input resistance in SHANK3*'* or 
SHANK3*'~ neurons (Fig. 4A). 

A third candidate for an impaired membrane 
conductance as a cause of the increased input 
resistance is J, currents that are mediated by 
HCN channels. In mammals, HCN channels are 
encoded by four genes (HCNI to HCN4) and are 
expressed, like SHANKs, in neuronal and non- 
neuronal cells (27—30) (fig. S7). HCN channels 
mediate hyperpolarization-activated [, currents 
that depolarize membranes toward the action- 
potential threshold and reduce membrane resistance. 
J, currents control neuronal excitability, mem- 
brane resting potentials, dendritic integration of 
synaptic potentials, and rhythmic oscillation of 
neurons (29, 30). Given their multifaceted functions, 
impairments of {, currents can have profound 
consequences for neuronal network activity [e.g., 
see (31-33)]. 
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Strikingly, we found that the /,-current inhib- 
itor ZD7288 (34, 35) increased the input resistance 
of wild-type neurons dramatically but had only a 
small effect on SHANK3-mutant neurons, thereby 
abolishing the difference in input resistance be- 
tween wild-type and SHANK3-mutant neurons 
(Fig. 4B). Moreover, SHANK3-deficient neurons 
displayed an increased resting membrane potential, 
and the addition of ZD7288 to wild-type neurons 
increased their resting potential to that of SHANK3- 
deficient neurons (Fig. 4C). 

Because these results suggest that the changed 
electrical properties of SHANK3-mutant neurons 
may be due to an impairment of /,, currents, we next 
directly measured f, currents in precisely matching 
SHANK3*’* and SHANK3*~ or SHANK3~ new- 
rons using whole-cell recordings (Fig. 4, D and E, 
and fig. S8). 4, currents were readily activated by 
brief (2 s) hyperpolarizing voltage steps, exhibited a 
reversal potential of -32 mV, and were inhibited by 
extracellular Cs* and ZD7288 (fig. S8). Compared 
with SHANK3*’* neurons, both SHANK3‘/~ and 
SHANK3~'~ neurons exhibited a severe decrease 
in J,-current density (Fig. 4, D and E) and a 
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Fig. 2. SHANK3 haploinsufficiency increases electrical input resistance 
of human neurons and decreases overall synaptic strength. (A) Input 
resistance (Rin) but not capacitance (Cn) is increased in SHANK3*”~ neurons 
(summary graphs from matching human SHANK3** and SHANK3*~ neurons 
derived from two independent SHANK3*° ES cell clones). (B) Evoked synaptic 
transmission is decreased in SHANK3*”~ human neurons [representative EPSC 
traces (left) and EPSC amplitude summary graphs (right) for independent sets 
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of neurons]. (C) Amplitudes but not frequencies of spontaneous mEPSCs 
(monitored in 1 uM tetrodotoxin) are impaired in SHANK3* neurons [top, 
representative traces; bottom, cumulative plots and summary graphs of the 
mEPSC frequency (left) and amplitude (right)]. Data are means + SEM. 
Numbers of cells/cultures analyzed are shown in bars. Statistical significance 
was evaluated by either Student's t test (bar graphs) or Kolmogorov-Smirnov 
test (cumulative probability plots) (**P < 0.01; ***P < 0.001). 
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deceleration of /,-current activation (Fig. 4F). 
However, other basic properties of J, currents, 
such as their half-maximal activation potential 
(Vso), Were not significantly altered (fig. S8). 
Furthermore, depolarizing voltage sag responses 


that are evoked by brief injections of hyperpolarizing 
currents in current-clamp mode (36, 37) were 
also significantly impaired in SHANK3*/~ and 
SHANK3‘~ neurons; these impairments again 
were occluded by ZD7288, suggesting that these 
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phenotypes are also due to a specific alteration 
in f,-channel function (fig. S8). 

Viewed together, these data suggest that SHANK3 
mutations cause J,-channel dysfunction in human 
neurons. To investigate the possibility that SHANK3 
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interacts with HCN channels, we coexpressed 
SHANK3 with HCN1, HCN2, or HCN3 channels 
in human embryonic kidney (HEK) 293T cells. 
Coimmunoprecipitations revealed that SHANK3 
bound to all three isoforms of HCN channels in 
this assay (Fig. 4G). Mapping of the interaction 
domains using glutathione S-transferase (GST) 
pull-downs suggested that the SHANK3 ankyrin 
repeats directly bind to HCN channels (fig. S9). 
Finally, measurements of the levels of two human 
HCN isoforms to which antibodies were available, 


Fig. 4. SHANK3 deletions impair /,, currents 
in human neurons, and SHANK3 proteins 
interact with HCN channels. (A) Neuronal 
silencing by blocking glutamate receptors 
with CNQX (20 uM) and AP5 (50 uM) does 
not alter neuronal R;,. (B) Blocking /, 
currents with ZD7288 (100 uM) increases 
the Rin of wild-type neurons, abolishing the 
difference between wild-type and mutant 
neurons. (©) SHANK3*”~ and SHANK3-“— 
neurons exhibit a more negative V;es¢ than 
SHANK3*”* neurons; inhibition of /, cur- 
rents in SHANK3** neurons with ZD7288 


amplitudes compared with matching 
SHANK3*“* neurons (left, experimental 

protocol and sample traces; right, current/ 
voltage relation of /,, currents, which are 
validated by inhibition with ZD7288). 

F) Kinetics of /,-current activation is 

impaired in SHANK3*”~ and SHANK3~— 
neurons [left, representative capacity- and 

leak current—subtracted /,-current record- 

ings fitted with a double-exponential 

function (yellow line superimposed on 

traces); center and right, summary graphs 

of time constants (t) and amplitudes of fast F 
and slow components of /,-current activa- 
tion at a test potential of -120 mV]. 

(G) SHANKS protein binds to HCN channels 
mediating |, currents. Representative 
immunoblots document coimmunoprecipi- 
tation of Myc-tagged SHANK3 with HA- 
tagged HCN1, HCN2, and HCN3 proteins 
coexpressed in transfected HEK293T cells; 
cells expressing only one or the other 
protein serve as negative controls. 

(H) Levels of endogenous HCN3 and HCN4 
proteins are decreased in SHANK3~“~ neu- 
rons, as determined by quantitative immu- G 
noblotting (for representative blots, see fig. 

S10). Data are means + SEM. Numbers of 
cells/cultures analyzed are shown in bars or 
parentheses. Statistical significance was 
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-40 mV 


Representative traces 


Representative traces of I, currents 


HCN1 so = 


HCN3 and HCN4, demonstrated that the SHANK3 
deletion significantly decreased the levels of endo- 
genous HCN proteins in human neurons, consistent 
with a direct interaction (Fig. 4H and fig. S10). 
Because J, currents are major determinants 
of neuronal excitability (29, 30), we examined 
the effects of SHANK3 mutations on action potential 
generation (Fig. 5). Consistent with the increased 
input resistance, SHANK3*- and SHANK3~ neu- 
rons fired significantly more action potentials than 
SHANK3*"* neurons in response to depolarizing 
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current injections; this phenotype was abolished 
by the addition of ZD7288 and thus was [,- 
current-dependent (Fig. 5). Moreover, because 
sustained rhythmic oscillations are a hallmark 
of neuronal circuits in various brain regions that 
overlap with highly enriched regions of SHANK3 
expression (14, 29, 38), we monitored the sponta- 
neous spiking activity of SHANK3-mutant neurons. 
When neurons were held at the resting membrane 
potential, a large proportion of wild-type cells 
(~60%) fired action potentials spontaneously 
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and regularly (fig. S11). In contrast, SHANK3- 
mutant neurons fired fewer action potentials; 
again, this phenotype was reversed by addition 
of the J,-current inhibitor ZD7288 (fig. S11). 


Shank3 deletions impair /,, currents in 
developing mouse neurons 


To determine whether Shank3-mutant mice also 
exhibit an impairment in fj, currents, we cultured 
hippocampal neurons from newborn littermate 
Shank3*'*, Shank3*’~, and Shank3'~ mice. In 
the Shank3-mutant mice, exons encoding the PDZ 
domain of SHANK3 are deleted, similar to our 
conditionally SHANK3-mutant human neurons 
(14). We observed an overall very similar pheno- 
type in developing mouse neurons as in human 
neurons (Fig. 6 and figs. S12 and S13). Specifically, 
quantitative imaging revealed that at 8 days in vitro 
(DIV8), homo- but not heterozygous Shank3 
mutations caused a significant impairment in 
dendritic arborization and synapse density similar 
to human SHANK3 deletions (Fig. 6, A and B, and 
fig. S12). Electrophysiological recordings showed 
that although the total input resistance of mouse 
neurons was lower than that of human neurons, 
both hetero- and homozygous Shank3 mutations 
produced a large increase in input resistance 
(Fig. 6C). Homozygous Shank3 deletions also 
significantly decreased cell capacitance and in- 
creased the resting membrane potential, similar 
to human mutations. We then directly measured 
J, currents and detected a massive impairment 
in both hetero- and homozygous Shank3-deficient 
mouse neurons (Fig. 6, D and E, and fig. $12). The 
Jy-current amplitude was decreased more than 
twofold by Shank3 mutations, the J,-current voltage 
sag was reduced, and the /,-current activation 
kinetics was significantly decelerated. In all of 
these phenotypes, the homozygous mutation was 
more deleterious than the heterozygous mutation. 
These changes closely resemble those observed in 
human SHANK3-deficient neurons and also led 
to a markedly increased excitability in mouse 
Shank3-deficient neurons (Fig. 6F). 


Chronic /,,-current inhibition impairs 
neuronal development similar to 
SHANK3 mutations 


A decrease in J, currents by SHANK3 mutations 
likely accounts for the electrophysiological changes 
of SHANK3-mutant neurons, but can it also 
account, at least in part, for their morphological 
and synaptic changes? To investigate this question, 
we chronically inhibited 7, channels in wild-type 
neurons by continuous application of low concen- 
trations of ZD7288 (1 and 5 uM) during neuronal 
differentiation. 

Chronic inhibition of [,, channels dramatically 
impaired neuronal morphology in a manner in- 
distinguishable from that of the SHANK3 haplo- 
insufficiency (Fig. 7A and fig. S14). Specifically, 
chronic application of ZD7288 caused a dose- 
dependent decrease in neurite outgrowth, num- 
ber of primary processes, and dendritic branching. 
Moreover, ZD7288 decreased the synapse density, 
again suggesting that major phenotypes of SHANK3 
mutations may represent indirect effects of an 
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Fig. 5. SHANK3 mutations render neurons hyperexcitable by impairing |, currents. (A) SHANK3*— 
mutant neurons reach action potential (AP) firing threshold earlier than matching SHANK3** human neurons and 
exhibit a steeper input-output relationship, as assessed by the number of APs elicited by increasing current 
injections (from —10 to +50 pA, 1s, 5-pA increments) during current-clamp recordings. /,-channel inhibition with 
ZD7288 abolishes the difference (left, experimental protocol and representative traces; right, plots of the mean AP 
number versus injected current). (B) Summary graphs of active electrical properties of matching SHANK3*”* and 
SHANK3*”~ neurons (measured without or with ZD7288 application). From left to right: AP firing threshold, AP 


amplitude, and AP after-hyperpolarization amplitude (AHP). (C) Same as (A), but for matching SHANK3 “~~ 


SHANK3** neurons. (D) Same as (B), but for matching SHANK3~~ and SHANK3** neurons. Data are means + 
SEM. Numbers of cells/cultures analyzed are shown in bars or parentheses. Statistical significance was evaluated 
by two-way ANOVA (bar graphs) or two-way repeated measure ANOVA followed by Bonferroni's post hoc test 


(input-output plots) (n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001). 
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Fig. 6. Developing hippocampal 
neurons from Shank3 knockout 
mice reproduce phenotype of 
human SHANK3-mutant neu- 
rons. (A and B) Dendritic arbori- 
zation (A) and synapse formation 
(B) are impaired in developing 
Shank3-deficient mouse neurons 
[top, representative images of 
hippocampal neurons (A) and 
dendritic segments (B); bottom, 
summary graphs of the indicated 
dendritic, cellular, and synaptic 
parameters]. Neurons cultured 
from littermate Shank3*”*, 
Shank3*””, or Shank3*~ mice 
were stained at DIV8 for MAP2 
(red) and synapsin (green). 

(C) Hetero- and homozygous 
Shank3 deletions increase neuro- 
nal input resistance (top), 
decrease cell capacitance 
(center), and enhance the resting 
membrane potential (bottom) in 
hippocampal neurons cultured 
from littermate Shank3**, 
Shank3*~, and Shank3-“~ 

mice and analyzed at DIV8-9. 
(D) Hetero- and homozygous 
Shank3 deletions impair neuronal 
I, currents in hippocampal neu- 
rons at DIV8-9 (left, experimental 
protocol and sample traces; right, 
summary graph of the current/ 
voltage relation). (E) Hetero- and 
homozygous Shank3 deletions 
decelerate /,-current activation 
[left top, experimental protocol; 
eft bottom, capacitance- and 
eak current-subtracted repre- 
sentative traces fitted with the 
sum of two exponential functions 
shown superimposed on the 
traces in yellow; right, summary 
graphs of activation time con- 
stants (t) and component ampli- 
tudes obtained at a test potential 
of -120 mV]. (F) Hetero- and 
homozygous Shank3 deletions 
render hippocampal neurons 
hyperexcitable (left, experimental 
protocol and representative 
traces of stepwise depolarizing 
current injections; right, sum- 
mary plots of the AP number 
versus injected current during 
current-clamp recordings of neu- 
rons analyzed at DIV8-9). Data 
are means + SEM. Numbers of 
cells/cultures analyzed are shown 
in bars or parentheses. Statistical 
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significance was evaluated by one-way ANOVA followed by Tukey's post hoc test (bar graphs) or two-way repeated measure ANOVA followed by Bonferroni's post 
hoc test (/-V plot) (*P < 0.05; **P < 0.01; ***P < 0.001). For additional data, see figs. S12 and S13. 
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J,-current impairment (Fig. 7B). In addition, chronic 
inhibition of 4, channels in human neurons in- 
creased the neuronal input resistance and impaired 
spontaneous synaptic transmission, measured after 
washout of the ZD7288 used to inhibit , cur- 
rents (Fig. 7, C and D). These results suggest that 
long-term inhibition of J, currents has dramatic 
effects on multiple facets of neuronal development. 


Summary 


Many mutations are thought to predispose to 
idiopathic ASDs by causing primary impairments 
in synaptic transmission (/-5). Our data show 
that SHANK3 haploinsufficiency impairs synaptic 
function but also demonstrate that SHANK3 
haploinsufficiency decreases [,-channel function 
as a primary impairment, which in turn produces 
major changes in intrinsic neuronal properties 


and secondarily affects synaptic function. Indeed, 
the fact that several salient phenotypes of hetero- 
and homozygous SHANK3-mutant human neu- 
rons were reproduced by pharmacologic inhibition 
of [, channels suggests that J,-channel dysfunction 
is a major effect of SHANK3 haploinsufficiency. 
Moreover, the very similar phenotypes produced 
by Shank3 mutations in developing mouse neurons, 
which also severely impaired 4, currents, indicates 
a general role for SHANK3 in scaffolding HCN 
channels during neuronal development at a period 
coinciding with the manifestation of ASDs. A role 
for SHANK3 as a scaffolding protein for HCN 
channels is plausible given the broad expression 
of SHANK3 in nonneuronal cells that also express 
HCN channels, and SHANK3 may function to 
enrich HCN channels at postsynaptic sites together 
with other proteins (37, 32). Thus, we would like to 


suggest that an /,-current impairment is a major 
pathogenetic force of SHANK3 mutations in pre- 
disposing to ASDs and in Phelan-McDermid syn- 
drome. Changes in f,-channel function can 
conceivably be influenced pharmacologically, sug- 
gesting that pharmacological manipulation of [, 
channels may be therapeutically beneficial. 
HCN-channel mutations have been linked clin- 
ically with human neurological disorders, including 
epilepsy, sleep disorder, and impaired learning, 
which are commonly associated with enhanced 
neuron firing and/or aberrant neuronal firing pat- 
terns and are also observed in mice with HCN- 
channel mutations (29, 30, 38-41). The symptoms 
resulting from impaired HCN channels agree well 
with the hypothesized involvement of SHANK3 
deletions in ASDs and Phelan-McDermid syn- 
drome that are also commonly associated with 
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Fig. 7. Chronic inhibition of |, currents in human neurons mimics SHANK3 
haploinsufficiency phenotype. (A) Chronic partial inhibition of /, currents in 
wild-type SHANK3** neurons causes dendritic arborization defects similar to 
SHANK3*~ haploinsufficiency. Matching SHANK3** and SHANK3*“~ neurons 
were differentiated from SHANK3*°"° ES cells; SHANK3*“* neurons were 
treated with low-dose ZD7288 (1 uM or 5 uM) from days 3 to 21 of neural 
induction (top, representative images of neurons double-labeled for MAP2 and 
synapsin; bottom, summary graphs of indicated parameters normalized to the 
untreated SHANK3* control). (B) Chronic inhibition of I, currents in SHANK3*“* 
neurons decreases synapse numbers. Experiments were performed as described 
for (A) (left, representative images of dendritic segments double labeled for 
MAP2 and synapsin; right, summary graphs of density and size of synaptic 
puncta). (C) Chronic inhibition of J, currents in SHANK3*”* neurons significantly 
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increases Ri, (left) and decreases cell C,, (right). Experiments were performed 
as described for (A); recordings were performed after washout of ZD7288. 
(D) Chronic inhibition of |, currents in SHANK3*”* neurons with ZD7288 (1 uM) 
reduces the frequency and amplitude of spontaneous mEPSCs (top, representative 
traces; bottom left, summary plots of the interevent interval and summary graph of 
the mEPSC frequency; bottom right, same for the mEPSC amplitude). Experiments 
were performed as described for (A); recordings were performed after washout of 
ZD/7288. Data are means + SEM. Numbers of cells/cultures analyzed are shown in 
the bars. Statistical significance was evaluated by Student's t test [bar graphs 
in (C) and (D)], one-way ANOVA followed by Tukey's post hoc test [bar graphs in 
(B)], or two-way ANOVA followed by Bonferroni's post hoc test [bar graphs in 
(A)] or Kolmogorov-Smirnov test [cumulative probability plots in (D)] (#P < 
0.05; **P < 0.01; ***P < 0.001). 
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intellectual disability, impaired learning and 
memory, and epilepsy (J-5). Therefore, our data 
collectively suggest that impairment of HCN- 
channel function may contribute to the mani- 
festations of ASDs in patients with SHANK3 
mutations and Phelan-McDermid syndrome. 


Methods summary 


See the supplementary materials for full details 
of the materials and methods (22). 


Generation and analysis of human ES 
cells with heterozygous and homozygous 
SHANK3 cKO alleles 


SHANK3-mutant ES cells were generated from 
H1 ES cells (passage 40; WiCell, www.wicell.org) 
using recombinant adenoassociated virus (AAV)- 
mediated homologous recombination (Fig. 1A and 
fig. SIA) (24, 25). AAVs used for gene targeting 
contained a puromycin-resistance cassette sur- 
rounded by FRT sites (for Flp-recombinase medi- 
ated deletion). The cassette was inserted into the 
3' intron of exon 13 (76 base pairs) of the human 
SHANK3 gene, exon 13 was flanked by LoxP sites 
(for Cre-recombinase mediated deletion), and 5’ 
and 3’ DNA homology arms were added. The 
same gene-targeting template was also used in 
the generation of homozygous SHANK3 cKO ES 
cells, except that a CRISPR/Cas9 targeting method 
was used to specifically target the second wild- 
type allele of the SHANK3 gene and not the already- 
targeted first SHANK3 cKO allele. Heterozygous 
and homozygous SHANK3 cKO ES cell clone muta- 
tions were confirmed by PCR, and the puromycin- 
resistance cassette was removed by Flp-recombinase. 
To generate isogenic control and SHANK3-mutant 
human neurons, hetero- or homozygous SHANK3 
cKO ES cells were transdifferentiated to neurons 
using forced expression of Ngn2, as described (23). 
Lentiviruses encoding active (Cre) or inactive Cre- 
recombinase (ACre) were applied at 1 day before 
induction of neuron differentiation. Neurons were 
analyzed at day 21 to 23 in most experiments. For 
the experiments of chronic /,-current inhibition 
with low-dose ZD7288 (Fig. 7), wild-type human 
neurons were treated with 1 uM or 5 uM ZD7288 
from day 3 to day 21. 


Generation and analysis of Shank3- 
mutant hippocampal mouse neurons 


Breedings of heterozygous Shank3-mutant mice 
with deletion of the PDZ domain (exons 13 to 16) 
(14) (B6.129-Shank3tm2Gfng/J; Jackson Labs stock 
No. 017688) were used to produce littermate wild- 
type, heterozygous, and homozygous Shank3- 
mutant mice. Hippocampal neurons were cultured 
from newborn mice (42, 43) and analyzed as im- 
mature developing neurons at DIV8-9. Mouse geno- 
typing was performed by PCR using the Jackson 
Laboratory protocol. 


Morphological analyses 


Dendritic arborizations were analyzed in neurons 
that were sparsely transfected with an enhanced 
green fluorescent protein (EGFP) to obtain fluores- 
cent images of individual neurons. Confocal im- 
ages were analyzed unbiasedly using the “neurite 
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outgrowth” application on MetaMorph software. 
For synapse morphology analyses, fixed neurons 
were stained by double immunofluorescence with 
antibodies to mitogen-activated protein kinase 
kinase (MAP2) (to stain for dendrites) and syn- 
apsin (to label presynaptic terminals) or HOMER1 
(to label postsynaptic specializations), and images 
were again quantified using MetaMorph software 
(Molecular Devices) (44). 


Electrophysiological recordings 


Whole-cell patch-clamp recordings were performed 
essentially as described (23, 42). EPSCs were 
pharmacologically isolated with 50 uM picro- 
toxin (PTX) and recorded at a -70 mV holding 
potential in voltage-clamp mode in response to 
extracellular stimulation with a concentric bipolar 
electrode (43). Spontaneous mEPSCs were mon- 
itored in the presence of tetrodotoxin (1 uM). 
Recordings of the intrinsic and active membrane 
properties were generally recorded in human 
neurons in the presence of 50 uM PTX (unless 
otherwise stated), and in hippocampal mouse 
neurons in the presence of CNQX (6-cyano-7- 
nitroquinoxaline-2,3-dione) (20 uM), AP5 (2-amino- 
5-phosphonopentanoic acid) (50 uM), and PTX 
(50 uM). 

Input resistance (Ri,) was calculated as the 
slope of linear fits of current-voltage plots gen- 
erated from a series of increasing current injection 
steps in current-clamp mode. /,-channel activity 
was measured in voltage-clamp mode as the am- 
plitude of the slowly activating inward current com- 
ponent elicited by 2-s voltage steps from -50 
to -120 mV in 10-mvV increments from a holding 
potential of -40 mV with 2 mM 4-aminopyridine 
(4-AP) and 0.5 mM BaCl, in the bath solution. 
Depolarizing voltage-sag responses were evoked 
by brief injections of hyperpolarizing currents 
in current-clamp mode. Voltage-dependent Na* 
(Ua) and K* (xp) currents were recorded in 
voltage-clamp mode at a holding potential of 
-70 mV in the presence of 2-mM 4-AP; voltage 
steps ranging from -90 to +40 mV were delivered 
at 10-mV increments. Intrinsic action potential 
firing properties of neurons were recorded in 
current-clamp mode. To assess neuronal excitabil- 
ity, first minimal currents were introduced to hold 
membrane potential around —65 to —70 mV, then 
increasing amounts of depolarizing currents were 
injected for 1 s in stepwise manner. For sponta- 
neous AP firing, cells were held at their resting 
membrane potential (Vies,); no current was injected. 
The V,.,, obtained during spontaneous firing was 
determined as the mean steady-state voltage re- 
corded during interspike intervals. All experiments 
were performed at room temperature. 


Protein-protein interaction analyses 


Protein-protein interaction analyses were per- 
formed by coimmunoprecipitation of Myc-tagged 
full-length mouse Shank3 protein with hemag- 
glutinin (HA)-tagged full-length human HCN 
proteins expressed in HEK293T cells. Coimmuno- 
precipitations of truncated Shank3 proteins with 
full-length HCN proteins were also performed to 
map the responsible interaction domain on Shank3. 


To further demonstrate the interaction between 
Shank3 and HCN proteins, a GST pull-down assay 
was performed using purified Shank3 ankyrin 
repeats domain and full-length HCN] protein. 


Immunoblotting 


All immunoblots were visualized by fluorescently 
labeled secondary antibodies and quantified on 
Odyssey CLx Infrared Imager and Odyssey software 
(LI-COR Biosciences). Signals were normalized 
to human guanine nucleotide dissociation inhib- 
itor (GDI) as the neuronal loading control. 
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PRIMATE EVOLUTION 


Oligocene primates from China reveal 
divergence between African and 
Asian primate evolution 


Xijun Ni,»?* Qiang Li,» Liizhou Li,’ K. Christopher Beard®* 


Profound environmental and faunal changes are associated with climatic deterioration 
during the Eocene-Oligocene transition (EOT) roughly 34 million years ago. Reconstructing 
how Asian primates responded to the EOT has been hindered by a sparse record of 
Oligocene primates on that continent. Here, we report the discovery of a diverse primate 
fauna from the early Oligocene of southern China. In marked contrast to Afro-Arabian 
Oligocene primate faunas, this Asian fauna is dominated by strepsirhines. There appears to 
be a strong break between Paleogene and Neogene Asian anthropoid assemblages. Asian 
and Afro-Arabian primate faunas responded differently to EOT climatic deterioration, 
indicating that the EOT functioned as a critical evolutionary filter constraining the 
subsequent course of primate evolution across the Old World. 


rimates are among the most thermophilic 

and hence environmentally sensitive of all 

mammals. As a result, both the geographic 

distribution and macroevolutionary pat- 

terns shown by fossil primates are strongly 
mediated by shifting climatic conditions during 
the Cenozoic. Dramatic range expansions, such 
as the dispersal of the earliest primates from 
their Asian birthplace into North America and 
Europe during the Paleocene-Eocene Thermal 
Maximum, coincided with intervals of extreme 
global warmth (J, 2). In contrast, episodes of 
cooler, drier climatic conditions such as that 
characterizing the Eocene-Oligocene transition 
(EOT) resulted in continental-scale extinction of 
primates on landmasses that lacked direct geo- 
graphic access to low-latitude refugia (3). Pri- 
mates were extirpated at or near the EOT in North 
America and Europe, but Afro-Arabian primate 
faunas dominated by anthropoids continued to 
radiate during the Oligocene and Neogene (4-7). 
In northern China and Mongolia, mammalian 
faunal turnover across the EOT was pervasive 
enough to be compared with the European Grande 
Coupure, and this abrupt change in Asian mam- 
mal faunas has been designated the Mongolian 
Remodeling (8, 9). However, assessing the im- 
pact of EOT climatic deterioration on early Asian 
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primates has been hindered by geographic and 
temporal biases in the Asian fossil record. Eocene 
primates have been sporadically reported from 
northern China and Mongolia (10-12), but Eocene 
primates are more diverse and abundant in south- 
ern Asia, where the Oligocene record is generally 
absent (13, 14). With the sole exception of the late 
early Oligocene Paali Nala locality in the Bugti 
Hills of Pakistan (15-17), Oligocene primates are 
unknown in Asia. This very limited record of 
Asian Oligocene primates has made it difficult to 
assess the impact of EOT environmental changes 
on Asian primate evolution. Here, we describe a 
diverse assemblage of fossil primates from the 
early Oligocene of Yunnan Province in southern 
China that helps to fill this gap in the record of 
Asian primate evolution. 

We collected the primate fossils reported here 
via careful excavation and screen-washing at the 
Lijiawa fossil site in Yunnan, which has yielded 
more than 10 mammal taxa that indicate an early 
Oligocene age (supplementary materials) (78). 

Primates Linnaeus, 1758; Strepsirhini Geoffroy, 
1812; Adapiformes Hoffstetter, 1977; Sivaladapi- 
dae Thomas and Verma, 1979; Yunnanadapis 
gen. nov. Type species: Yunnanadapis folivorus 
sp. nov. Included species: The type species and 
Yunnanadapis imperator sp. nov. Diagnosis: 
Differs from Paukkaungia, Hoanghonius, and 
Rencunius in having more nearly molariform P, 
and P* (P* remains unknown in Paukkaungia). 
Lower molars further differ from those of Pauk- 
kaungia, Hoanghonius, and Rencunius in having 
less cuspidate paraconids and more angular hy- 
poconids that are relatively mesial in position, 
so that the cristid obliqua is shorter than the 
postcristid. Upper molars further differ from 
those of Hoanghonius and (especially) Rencu- 
nius in lacking distinct conules. Lower molars 


differ from those of Wailekia and Kyitchaungia 
in having lingually open trigonids with proto- 
conid and metaconid more closely approximated 
and talonids bearing more trenchant cristids. 
Upper molars differ from those of Guangxilemur 
in having more prominent parastyles and pre- 
and postprotocristae joining the bases of the 
paracone and metacone, respectively, rather than 
merging with the pre- and postcingula. Upper 
molars with weaker buccal cingulum and incom- 
plete mesostyle, in contrast to Guangxilemur 
tongi. Lower molars differ from those of Guwang- 
wilemur singsilai in having lingually open trig- 
onids and deeper, more extensive valley separating 
entoconid and hypoconulid. Differs from Miocene 
sivaladapids in lacking fully molariform P, and P* 
and having upper molars with distinct pericone 
and hypocone cusps and pre- and postprotocris- 
tae joining bases of paracone and metacone. 
Etymology: Generic name recognizes the geo- 
graphic provenance of this taxon and its adapi- 
form affinities. 

Yunnanadapis folivorus sp. nov. Holotype: 
IVPP V22702, left dentary fragment preserving 
the crowns of C,-M3 (Fig. 1A and supplementary 
materials). Horizon and locality: Early Oligo- 
cene Lijiawa fossil site, upper part of Caijiachong 
Formation, Yuezhou Basin, Yunnan Province, China. 
Diagnosis: Smaller than Yunnanadapis impera- 
tor. P; without buccal cingulid, in contrast to Y. 
imperator. P,, differs from that of Y. imperator in 
having much weaker buccal cingulid and hypo- 
conid and cristid obliqua more lingual in position, 
yielding deeper hypoflexid and narrower talonid 
basin. Etymology: Trivial name reflects the likely 
dietary adaptations of this species. 

Yunnanadapis imperator sp. nov. Holotype: 
IVPP V22706, right P, (Fig. 1B and supplemen- 
tary materials). Horizon and locality: Early 
Oligocene Lijiawa fossil site, upper part of Cai- 
jiachong Formation, Yuezhou Basin, Yunnan 
Province, China. Diagnosis: Larger than Yun- 
nanadapis folivorus. P3 with strong buccal cin- 
gulid, in contrast to Y. folivorus. P, differs from 
that of Y. folivorus in having much stronger 
buccal cingulid and hypoconid and cristid obli- 
qua more buccal in position, yielding shallower 
hypoflexid and wider talonid basin. Etymology: 
Latin “imperator” (commander), in allusion to 
the large size of this species. 

Laomaki yunnanensis gen. et sp. nov. Holo- 
type: IVPP V22708, right maxilla fragment pre- 
serving M*® (Fig. 1C and supplementary materials). 
Horizon and locality: Early Oligocene Lijiawa 
fossil site, upper part of Caijiachong Formation, 
Yuezhou Basin, Yunnan Province, China. Diag- 
nosis: Differs from all sivaladapids aside from 
Rencunius in having strongly developed conules 
on upper molars. P, and P* lack substantial mo- 
larization, in contrast to Yunnanadapis and Mio- 
cene sivaladapids. Upper and lower molars differ 
from those of Rencunius and Paukkaungia in 
having highly crenulated enamel, taller and more 
pyramidal cusps/cuspids, and more trenchant 
crests/cristids. Upper molars are more transverse 
than those of Rencunius, and upper molar con- 
ules are pyramidal rather than bulbous. P* bears 


6 MAY 2016 * VOL 352 ISSUE 6286 673 


Downloaded from http://science.sciencemag.org/ on May 5, 2016 


RESEARCH | RESEARCH ARTICLES 


atiny hypocone, in contrast to that of Rencunius. 
Etymology: Generic name derives from the 
Mandarin “lao” (old) and the Malagasy “maky” 
demur). Trivial name reflects the geographic prov- 
enance of this species. 

Ekgmowechashalidae Szalay, 1976; Gatanthro- 
pus micros gen. et sp. nov. Holotype: IVPP V22717, 
isolated left M, (Fig. 1D and supplementary 
materials). Horizon and locality: Early Oligo- 
cene Lijiawa fossil site, upper part of Caijiachong 
Formation, Yuezhou Basin, Yunnan Province, 
China. Diagnosis: Differs from other ekgmowe- 
chashalid primate genera (including Bugtilemur, 
Muangthanhinius, and Ekgmowechashala) in hav- 
ing simpler, more nearly premolariform P, with 
hypconid and cristid obliqua located near the 
midline of the talonid, rather than buccally as in 
Bugtilemur and Muangthanhinius. P4 without 
neomorphic buccal cingular cuspid, in contrast 
to Ekgmowechashala. M,.5 lack prominent devel- 
opment of metastylids, in contrast to Ekgmowe- 
chashala. Protoconid, protocristid, and metaconid 
of lower molar are transversely aligned, in contrast 


to those of Bugtilemur and Muangthanhinius, in 
which these structures are obliquely oriented so 
that metaconid is located distolingual to proto- 
conid. Upper molars differ from those of Bugtilemur 
in having more inflated (rather than buccolingually 
compressed) paracone and metacone, broader 
buccal cingulum, and stronger and more exten- 
sive postprotocingulum. Etymology: In allusion 
to the ekgmowechashalid affinities of this taxon, 
its generic name derives from the Greek “gata” 
(cat) and “anthropus” (man), and its trivial name 
derives from the Greek “micros” (small). EXgmo- 
wechashala signifies “little cat man’ in the Lakota 
language, which lacks a term for nonhuman 
primates. 

Haplorhini Pocock, 1918; Tarsiiformes Gregory, 
1915; Tarsiidae Gray, 1825; Oligotarsius rarus gen. 
et sp. nov. Holotype: IVPP V22727, isolated left 
M, (Fig. IE and supplementary materials). Hori- 
zon and locality: Early Oligocene Lijiawa fossil 
site, upper part of Caijiachong Formation, Yuez- 
hou Basin, Yunnan Province, China. Diagnosis: 
Smaller than other living and fossil tarsiers, aside 


from Eocene Tarsius eocaenus and modern Tar- 
sius pumilus. Differs from extant tarsiids and 
Miocene Hesperotarsius in having well-developed 
conules and distobuccally oriented postmetacrista 
on M'. Postprotocrista of M’ continuous with 
postmetaconule crista, rather than merging with 
hypometacrista to form distal margin of trigon, as 
in extant tarsiids. M, differs from that of Eocene 
Xanthorhysis in being relatively shorter, broader, 
and higher-crowned, with entoconid located far- 
ther mesially. Lacks hypoparacrista and hypome- 
tacrista. Etymology: Generic name reflects the 
age of this taxon. Trivial name reflects the sparse 
documentation of Tarsiidae in the fossil record 
generally, as well as the meager representation of 
this species in the Caijiachong early Oligocene 
fauna. 

Anthropoidea Mivart, 1864; Eosimiidae Beard 
et al., 1994; Bahinia Jaeger et al., 1999; Bahinia 
banyueae sp. nov. Holotype: IVPP V22730, iso- 
lated right M' (Fig. IF and supplementary ma- 
terials, comments regarding possible additional 
elements pertaining to the holotype). Horizon 


Fig. 1. Diverse primates from the early Oligocene of Yunnan Province, China. 
(A) Yunnanadapis folivorus gen. et sp. nov., left dentary fragment preserving C;-M3 
(holotype, IVPP V22702), and composite upper dentition including right dP* (IVPP 
22703), reversed left P* (IVPP V22704), and right maxillary fragment preserving 
M!S (IVPP. 22705). (B) Yunnanadapis imperator gen. et sp. nov., left P3 (IVPP 
V22707), and reversed right P, (holotype, IVPP V22706). (C) Laomaki yunnanensis 
gen. et sp. nov, right maxillary fragment preserving M'3 (holotype, IVPP V22708); 
reversed left P?, P*, and M! (IVPP 22714, V22715, and V22716, respectively); reversed 
right dentary fragment preserving P3, P4, My, Mo, and M3 (IVPP V22709, 
V22710, V22711, V22712, and V22713, respectively). (D) Gatanthropus micros 
gen. et sp. nov., left C; (IVPP V22718); reversed right Pz, P3, P4 (IVPP V22719, 
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V22720, and V22721, respectively); left M; (holotype, IVPP V22717); left Mz 
and M3 (IVPP V22722 and V22723, respectively); right M1, M2, and M® (IVPP 
V22724, V22725, and V22726, respectively). (E) Oligotarsius rarus gen. et sp. 
nov., reversed left Ct and M? (IVPP V22728 and V22729, respectively), and left 
M, (holotype, IVPP V22727). (F) Bahinia banyueae sp. nov., reversed left P* 
and P? (IVPP V22731 and V22732, respectively), right P* (IVPP V22733), right 
M! (holotype, IVPP V22730), right M? missing metacone lobe (IVPP V22734) 
juxtaposed with a right M* fragment preserving metacone lobe only (IVPP 
V22735), right M? (IVPP V22736), left P3 and left trigonid of M, (IVPP V22737 
and V22738, respectively), reversed right Mz trigonid and talonid (IVPP 
V22739 and V22740, respectively). Scale bars, 2 mm. 
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and locality: Early Oligocene Lijiawa fossil site, 
upper part of Caijiachong Formation, Yuezhou 
Basin, Yunnan Province, China. Diagnosis: Up- 
per molars with weaker buccal and lingual 
cingula than in Bahinia pondaungensis. Although 
P? < P? < P*as in B. pondaungensis, in B. banyueae 
P? is larger and P? is smaller in relation to P* 
than is the case in B. pondaungensis. Etymol- 
ogy: Trivial name honors the pioneering work 
on the Caijiachong mammal faunas of Yunnan 
Province made by our friend and colleague 
Banyue Wang. 

Despite the dramatic faunal turnover during 
the EOT observed across Europe, North America, 
and northern Asia (8, 9), the early Oligocene pri- 
mate fauna from Yunnan reported here and the 
late early Oligocene primate fauna from Pakistan 
(15-17) show that multiple primate lineages suc- 
cessfully weathered the EOT climatic deteriora- 
tion in tropical regions of Asia (Fig. 2). Indeed, 
most of the Asian primate clades that succeeded 
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in traversing the EOT were able to persist there 
for tens of millions of years, showing that the 
EOT functioned as a critical filtering episode 
during the evolutionary history of Asian primates. 
Comparing the composition of the early Oligocene 
primate faunas from Yunnan and Pakistan with 
later Eocene Asian primate faunas known from 
China, Myanmar, and Thailand reveals that sur- 
viving this Eocene-Oligocene evolutionary filter 
entailed a high degree of taxonomic and ecological 
selectivity. Later Eocene primate assemblages 
in China, Myanmar, and Thailand tend to be 
dominated, both in terms of taxonomic richness 
and numerical abundance, by stem anthropoids 
belonging to the families Eosimiidae and Amphi- 
pithecidae (13, 14, 19, 20). In stark contrast, only 
one of the six primates known from the early 
Oligocene of Yunnan is an anthropoid. Three 
of five primate species documented from the 
late early Oligocene of Pakistan are anthropoids, 
but even in this case, the anthropoid taxa known 
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from Pakistan differ from their contemporary 
African relatives in being relatively small-bodied. 
Phylogenetic analysis (Fig. 3) shows that Yunna- 
nadapis folivorus, Y. imperator, and Laomaki 
yunnanensis belong to the Sivaladapidae, a clade 
that persisted in southern and southeastern Asia 
until the late Miocene (21, 22). Likewise, the affinities 
of Gatanthropus micros lie with Muangthanhinius, 
Bugtilemur, and the enigmatic North American 
genus Ekgmowechashala, which together com- 
prise the strepsirhine clade Ekgmowechashalidae 
(23). Late Eocene-early Oligocene primates from 
Afro-Arabia show a very different pattern of 
taxonomic selectivity in response to the EOT. 
There, very few strepsirhines (none of which were 
large) survived the EOT, whereas anthropoids 
diversified both taxonomically and ecologically 
(Fig. 2) (6). 

On the basis of the current record of early 
Oligocene primates from Yunnan, taxonomic se- 
lectivity across the EOT in southern Asia strongly 
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Afro-Arabian strepsirhines 


Afro-Arabian haplorhines 


Asian haplorhines 


Asian strepsirhines 


Fig. 2. Divergent taxonomic composition of fossil primates across the 
Eocene-Oligocene boundary (EOB) in Afro-Arabia and southern Asia. Gray 
area indicates haplorhines. Pale red area indicates strepsirhines. The phylo- 
genetic affinities of Nosmips are uncertain (26). The width of the shaded areas 
directly reflects taxonomic diversity. Solid red and gray lines designate gen- 
erally accepted monophyletic groups (Fig. 3) (6). Dashed lines indicate hy- 
pothetical range extensions in earlier strata. White arrows indicate that lineages 
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persist to later intervals. Dashed line with arrowhead 1 indicates interconti- 
nental dispersal of early anthropoids from Asia to Afro-Arabia (6, 27). Dashed 
line with arrowhead 2 indicates a second dispersal episode of anthropoids 
between Afro-Arabia and Asia during the early Oligocene, as suggested by our 
phylogenetic analysis that Phileosimias and Bugtipithecus are more closely 
related to Afro-Arabian anthropoids than to Asian anthropoids (supplementary 
materials). Ma, million years ago. 
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favored strepsirhines over haplorhines. Ecologi- Fig. 3. Summary phylo- 
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Observation of the °°Fe 
nucleosynthesis-clock isotope in 
galactic cosmic rays 


W. R. Binns,’* M. H. Israel,’* E. R. Christian,” A. C. Cummings,” G. A. de Nolfo,” 
K. A. Lave,’ R. A. Leske,? R. A. Mewaldt,” E. C. Stone,” 


T. T. von Rosenvinge,” M. E. Wiedenbeck* 


Iron-60 (©°Fe) is a radioactive isotope in cosmic rays that serves as a clock to infer an upper 
limit on the time between nucleosynthesis and acceleration. We have used the ACE-CRIS 
instrument to collect 3.55 x 10° iron nuclei, with energies ~195 to ~500 mega-electron volts per 
nucleon, of which we identify 15 ©°Fe nuclei. The ©°°Fe/>°Fe source ratio is (7.5 + 2.9) x 10°. 
The detection of supernova-produced ©°Fe in cosmic rays implies that the time required for 
acceleration and transport to Earth does not greatly exceed the ©°Fe half-life of 2.6 million years 
and that the ©°Fe source distance does not greatly exceed the distance cosmic rays can diffuse 
over this time, <1 kiloparsec. A natural place for ©°Fe origin is in nearby clusters of massive stars. 


ignature of recent nucleosynthesis 
The radioactive isotope “Fe [which decays by 
B decay with a half-life of 2.62 x 10° years (1)] 
is expected to be synthesized and ejected into 
space by supernovae, and thus could be 
present in galactic cosmic rays (GCRs) near Earth, 
depending upon the time elapsed since nucleo- 
synthesis and the distance of the supernovae. 
6°Fe is believed to be produced primarily in 
core-collapse supernovae of massive stars with 
mass M > ~10 solar masses (M5), which occur 
mostly in associations of massive stars (OB 
associations). It is the only primary radioactive 
isotope with atomic number Z < 30 [with the 
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exception of °°Ni, for which only an upper limit 
is available (2)] produced with a half-life long 
enough to potentially survive the time interval 
between nucleosynthesis and detection at Earth. 
(Primary cosmic rays are those that are synthe- 
sized at the GCR source, as opposed to secondary 
cosmic rays, which are produced by nuclear in- 
teractions in the interstellar medium.) °°Fe is dif- 
ficult to measure with present-day instruments 
because of its expected extreme rarity, based on 
nucleosynthesis calculations for supernovae 
(3, 4). The detection of °°Fe in cosmic rays would 
be a clear sign of recent, nearby nucleosynthe- 
sis. The long period of data collection (17 years) 
achieved by the Cosmic Ray Isotope Spectrometer 
(CRIS) aboard NASA’s Advanced Composition 
Explorer (ACE) (5), the excellent mass and charge 
resolution of the CRIS instrument, and its capa- 
bility for background rejection have enabled us 
to detect “Fe. 

°°Fe has been detected in other samples of 
matter. Measurements of diffuse y-rays from the 


interstellar medium (ISM) by the spectrometer 
on the International Gamma-Ray Astrophysics 
Laboratory (INTEGRAL) spacecraft have revealed 
line emission at 1173 and 1333 keV from °°Co, the 
daughter product of °Fe decay, clear evidence 
that “nucleosynthesis is ongoing in the galaxy” 
(6). As expected, this emission is diffuse instead 
of point-like, since the °°Fe lifetime is sufficiently 
long to allow it to diffuse over distances that are 
large compared to the size of a supernova rem- 
nant. This is one of many strong connections 
between y-ray astronomy and direct cosmic-ray 
studies (7). 

Deep-sea manganese crusts from two differ- 
ent locations have also been found to harbor 
elevated °°Fe levels (8, 9). Analysis of crust layers 
using accelerator mass spectrometry showed 
significant increases in the °°Fe/Fe ratio 2.8 
million years (My) ago, “compatible with depo- 
sition of supernova ejecta at a distance of a few 
tens of pc” (9). The measurement was verified 
by an independent analysis (0), although these 
investigators did not find a corresponding in- 
crease in a marine-sediment sample [see (10, 17) 
for discussion]. We note that the manganese 
crust studies (8-10) used outdated half-lives for 
Fe and }°Be—1.49 and 1.51 My, respectively— 
instead of the currently accepted 2.62 and 1.387 My 
(1). Using these recent lifetimes, it has been esti- 
mated that the peak in the °°Fe/Fe ratio (9) as a 
function of depth corresponds to an age of 2.2 My 
(11). Lunar surface samples also show elevated 
°Fe/Fe ratios consistent with supernova debris 
arriving on the Moon ~2 My ago (12, 13). These 
deep-sea manganese crust and lunar surface 
observations were compared with expectations 
from possible stellar sources (17) and found to 
be consistent with an origin in core-collapse 
supernovae, but inconsistent with Type Ia su- 
pernovae, which produce orders of magnitude 
less °°Fe. 


Cosmic-ray ©°Fe detection 


The CRIS instrument was launched on ACE in 
1997 and has operated continuously since that 
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Fig. 1. CRIS instrument and data sample. (A) A cross-section drawing (not 
to scale) of the CRIS instrument is shown. There are four x,y planes of fibers; 
the top plane provides a trigger signal and the next three planes (xly1,x2y2, 
x3y3) provide the trajectory. Beneath the fibers are four stacks of 15, 3-mm- 
thick silicon detectors (two stacks are visible in this side view). The central 
active regions of the silicon detectors are shown in blue, and guard rings used 
to veto side-exiting particles are in green. The detectors are grouped so that up 
to nine energy-loss signals (El to E9) are obtained for each particle entering 


time except for intense solar-active periods, last- 
ing for a few days each, when large fluxes of solar 
energetic particles exceeded the CRIS trigger 
rate capability. The instrument (Fig. 1A) uses a 
scintillating fiber hodoscope to determine par- 
ticle trajectory and four stacks of silicon solid- 
state detectors to measure the energy loss (AE) 
and the total energy of cosmic-ray nuclei stopping 
in a detector stack. These measurements are used 
to identify particle charge, mass, and energy per 
nucleon (5). Data illustrating this method are 
shown in Fig. 1B, where we plot the energy loss 
(AE) versus the residual energy of nuclei stopping 


within a silicon detector. The elements are clearly 50 52 54 56 58 
Mass (amu) 


separated into bands, and within an element 
band, subbands corresponding to the element’s 
isotopes are evident. 

Figure 2A is a mass histogram of the observed 
iron nuclei that entered the CRIS instrument 
through the scintillating optical fibers, pene- 
trated the silicon detectors E1 through E3, and 
stopped in silicon detectors E4 through E8. 
These data were collected for 6142 days from 
4 December 1997 to 27 September 2014. They 
have been selected for consistency among mass 
calculations using different detector combina- 
tions to reject nuclei that interacted within the 
instrument and other spurious events, as well 


the °°Fe distribution. 


one of the detector stacks. We use the dE/dx versus residual energy technique 
to determine the atomic number (Z), mass (A), and energy (E), of each cosmic 
ray. (B) Cross-plot of the sum of scaled energy losses of cosmic rays in detectors 
E1, E2, and E3 on the y axis versus the scaled energy loss in E4 on the x axis for 
a sample of particles stopping in E4, with both energies scaled by (sec 0) “7”, 
where @ is the angle of incidence through the instrument. Clear “bands” are 
seen for each element extending from calcium through nickel. Within some of 
the element bands, traces for individual isotopes of that element can be seen. 


Cobalt Isotopes 
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Fig. 2. Mass histograms of the observed iron and cobalt nuclei. (A) The mass histogram of iron 
nuclei detected during the first 17 years in orbit is plotted. Clear peaks are seen for masses 54, 55, 56, 
and 58 amu, with a shoulder at mass 57 amu. Centered at 60 amu are 15 events that we identify as the 
very rare radioactive ©°Fe nuclei. There are 2.95 x 10° events in the °°Fe peak. From these data, we obtain 
an Fe/>°Fe ratio of (4.6 + 1.7) x 10°° near Earth and (7.5 + 2.9) x 10°° at the acceleration source. (B) The 
mass histogram of cobalt isotopes from the same data set are plotted. Note that 5°Co in (B) has roughly 
the same number of events as are in the °°Fe peak in (A). There is only a single event spaced two mass 
units to the right of °°Co, whereas there are 15 events in the location of ©°Fe, which is two mass units from 
5®Fe. This is a strong argument that most of the 15 nuclei identified as ©°Fe are really °°Fe, and not a tail of 


as selections related to event quality (14). 


Abundance of ©°Fe 


Clear peaks are seen for masses from 54 to 58 amu 
(atomic mass units), with the exception of 57 amu, 
which is a shoulder on the 56 amu distribution. 
To the right of the 58 amu peak are 15 ©°Fe nuclei 
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collected over this period, clearly separated from 
58Fe and located where °°Fe should fall. These 
15 events have a mean mass estimate of 60.04 amu 
and a standard deviation from the mean of 0.28 + 
0.05 amu, consistent with the 0.245 + 0.001 amu 
measured for °°Fe. The number of *°Fe nuclei in 
this plot is 2.95 x 10°, obtained from a Gaussian 


fit, and the total number of iron nuclei is 3.55 x 
10°. We have performed a number of tests to 
confirm that the 15 events are not a tail on the 
much more abundant *“Fe distribution and have 
verified that in all respects tested, these events 
are not unusual (supplementary text and figs. S2 
to S6). The strongest argument that they are °°Fe 
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Fig. 3. Comparison of the 
60Fe/>*Fe ratio derived 
from measurements with 
models of supernova 
ejecta and stellar wind 
outflow in OB associa- 
tions. Models of massive- 
star ejecta have been used 
to estimate the ©°Fe/>°Fe 
ratio evolution as a 
function of OB association 
age, including stellar life- 
times and radioactive 
decay of the ejected ©Fe. 
The blue dotted curve 
shows the ratio for non- 
rotating stars using yields 
calculated by (3) (W&H); 
the red-dashed and black 
solid curves are for non- 
rotating and rotating stars, 


60Fe/56Fe Ratio 
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respectively, using yields calculated by (4) (C&L). The black dashed line is our estimated ratio (Ra) at the 
acceleration source derived from our measurements. Assuming that the composition at the acceleration 
source is 20% massive-star material and 80% normal interstellar medium material (Supplementary 
materials), we obtain the massive-star production ratio (Rus) (red dashed line). The shaded areas indi- 
cate uncertainties (not including the massive-star mix fraction uncertainty). We have compared the 
maximum predicted ratio (age ~3.4 My) with our measured ratio and estimate an upper limit to the time 
between nucleosynthesis and acceleration of several million years. Combining this with the previous mea- 
surement of °°Ni (2), we conclude that the time between nucleosynthesis and acceleration is 10° years < 


T < several My. 


nuclei and not spillover from **Fe is shown in 
Fig. 2B, which is a histogram of the neighbor- 
ing cobalt (Z = 27) isotopes from the same data 
set. Note that °°Co has roughly the same number 
of events as the °’Fe peak. To the right of °°Co, 
there is only a single event spaced by 2 amu. 
Similarly, we should expect only ~1°*Fe event to 
lie in the neighborhood of °°Fe, but we see 15. It 
is also unlikely that these are spillover from *°Fe 
since there is a clear separation between **Fe and 
the events that we identify as Fe. Therefore, 
we conclude that at most, ~1 + 1 of the 15 nuclei 
identified as °°Fe could be spillover from lighter 
iron isotopes (supplementary text and fig. S1). 
Using the cosmic-ray propagation model de- 
scribed in (5), we have calculated the expected 
intensity ratio between secondary °°Fe produced 
by fragmentation of heavier nuclei during inter- 
stellar transport and total Fe to be 2 x 10°°, from 
which we conclude that only ~1 of the observed 
®°Fe could be secondary. Thus, we have observed 
13 + 3.9 (statistical) + 1 (systematic) = 13 + 4.9 
primary °°Fe nuclei, giving measured ratios for 
6Fe/Fe and °°Fe/Fe of (4.4 + 17) x 10° and 
(3.7 + 14) x 10°, respectively. 

These measured ratios need two small cor- 
rections. (i) Our data analysis eliminates par- 
ticles that interact in the detector system. The 
cross-section for interaction of °°Fe is slightly 
larger than that for °°Fe, resulting in a correc- 
tion factor of 1.009. (ii) Our analysis selects °°Fe 
and °°Fe with the same interval of depth of pen- 
etration in the detector. As a result, the energy 
interval for Fe is smaller by a factor 0.960 than 
the interval for °Fe. Also, the °°Fe energies per 
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nucleon are slightly lower, although this has a 
very small effect because the Fe spectrum is quite 
flat at these energies (5). The resulting energy- 
interval correction is a factor of 1.042. Taken to- 
gether, these require that the ratios be multiplied 
by a factor 1.051 (supplementary text). Thus, the 
corrected ratios near Earth are °°Fe/*°Fe = (4.6 + 
1.7) x 10° and Fe/Fe = (3.9 + 1.4) x 10°. 

Using a leaky-box model, which accounts for 
radioactive decay of ©°Fe, nuclear interactions as 
the cosmic rays travel through space, and leakage 
out of the galaxy, these observations imply °°Fe/ 
°6Fe and °Fe/Fe ratios at the cosmic-ray acceler- 
ation source of (7.5 + 2.9) x 10~° and (6.2 + 2.4) x 
10-°, respectively (supplementary text). 


Evidence of recent nucleosynthesis 


Massive stars that undergo core-collapse exist pri- 
marily in localized groups called OB associations. 
The stars within these associations (or major 
subassociations) typically form at about the same 
time (within ~ 1 My), and associations have 
lifetimes of ~30 to 40 My (16). By that time, the 
stars with sufficient mass (>~10 M.) have un- 
dergone core collapse. As the massive stars expel 
mass through high-velocity winds and supernova 
ejecta, superbubbles populated with the stellar 
wind material and ejecta are formed around the 
association (16). Calculations by Woosley and 
Heger (W&H) (3) and by Chieffi and Limongi 
(C&L) (4) estimate the production of °°Fe and 
°®Fe (outflow from stellar winds and supernova 
ejecta) from stars with initial masses from 12 to 
120 Mp. Nearly all ©Fe is in the supernova ejecta, 
not in the wind material. We have combined 


these results for a range of stellar masses with 
the lifetimes of the progenitor stars to determine 
the expected °°Fe/*°Fe ratio in an OB associa- 
tion as a function of time. In Fig. 3, we plot the 
cumulative °°Fe/*°Fe ratio of material injected 
into a superbubble as a function of time since 
the formation of the association at T = 0. We 
then derived the time that must have elapsed 
for this ratio to decrease to the value inferred 
from our cosmic-ray measurements due to the 
decay of the ®Fe. Several different methods in 
which we compare our measured ratio with the 
modeling results lead us to conclude that an 
upper limit on the time between nucleosynthesis 
and acceleration is a few million years (supple- 
mentary text). 

In previous work, on the basis of ACE-CRIS 
measurements of GCR *’Ni and °°Co, it was con- 
cluded that there is at least a 10°-year delay 
between nucleosynthesis and cosmic-ray accel- 
eration (2). Putting that lower limit together 
with this °°Fe observation, we obtain a mean 
time (7) between nucleosynthesis and acceler- 
ation of 10° years < T < several My. This is quite 
consistent with what is expected in an OB as- 
sociation since a typical time between super- 
novae is ~1 My (16). In addition, the time delay 
between nucleosynthesis and acceleration in- 
dicates that the nuclei synthesized in a super- 
nova are not accelerated by that supernova, but 
require at least one more nearby supernova to 
accelerate the material, on a time scale sufficient- 
ly short so that a substantial fraction of the °°Fe 
has not decayed. The natural place for two or 
more nearby supernovae to occur within a few 
million years of each other is in OB associations. 
Thus, our observation of °°Fe lends support to 
the emerging model of cosmic-ray origin in OB 
associations (J6, 17). 

Using the mean lifetime of °°Fe, we can also 
estimate the distance to the associations con- 
tributing °°Fe GCRs at Earth. Assuming a dif- 
fusive propagation model, cosmic rays originate 
within a volume with radius L = (Dyt)”? sur- 
rounding the solar system, where y is the Lorentz 
factor and t is the effective cosmic-ray lifetime. 
Assuming a diffusion coefficient of D = 3.5 x 
1078 cm?/s (18), and using y and t calculated for 
56Fe and “Fe (supplementary materials), we find 
that Ls ='790 pce and Leo = 620 pc. Because the 
volume scales as the cube of these diffusion 
lengths, the volume contributing to °°Fe is only 
about half of that contributing to °°Fe. There are 
>20 OB associations or major association sub- 
groups that have been identified within 620 pc 
of the Sun, including the very large and nearby 
(<150 pc) Sco-Cen association subgroups—Upper 
Scorpius (with 83 OB stars), Upper Centaurus 
Lupus (with 134 OB stars), and Lower Centaurus 
Crux (with 97 OB stars) (19)—and the Orion OB1 
association, modeled by (20) (with ~70 OB stars). 
These are very likely major contributors to the 
Fe we have detected, owing to their size and 
proximity. 

We can draw the model-independent conclu- 
sion that the detection of the radioactive super- 
nova product °Fe surviving in cosmic rays implies 
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that the time required for acceleration and trans- 
port to Earth does not greatly exceed the °°Fe 
half-life of 2.62 My. Our distance from the source 
of this nuclide cannot greatly exceed the distance 
that cosmic rays can diffuse over this time scale, 
which is $1 kpc. 

Note added in proof: Additional detections 
of ©°Fe in deep-sea crusts in all major oceans 
of the world have recently been reported (21), 
strengthening the conclusions reached in (9). Also, 
additional detections of ©°Fe in lunar samples 
(22) strengthen the conclusion reached in (22, 13). 
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PROTEIN DESIGN 


De novo design of protein homo-oligomers 
with modular hydrogen-bond 
network-mediated specificity 


Scott E. Boyken,””? Zibo Chen,””** Benjamin Groves,” Robert A. Langan,” 
Gustav Oberdorfer,””’® Alex Ford,”” Jason M. Gilmore,”? Chunfu Xu,” 
Frank DiMaio,”” Jose Henrique Pereira,”® Banumathi Sankaran,” Georg Seelig,”’° 


Peter H. Zwart,® David Baker”””** 


In nature, structural specificity in DNA and proteins is encoded differently: In DNA, 
specificity arises from modular hydrogen bonds in the core of the double helix, whereas in 
proteins, specificity arises largely from buried hydrophobic packing complemented by 
irregular peripheral polar interactions. Here, we describe a general approach for designing 
a wide range of protein homo-oligomers with specificity determined by modular arrays 

of central hydrogen-bond networks. We use the approach to design dimers, trimers, and 
tetramers consisting of two concentric rings of helices, including previously not seen 
triangular, square, and supercoiled topologies. X-ray crystallography confirms that the 
structures overall, and the hydrogen-bond networks in particular, are nearly identical to the 
design models, and the networks confer interaction specificity in vivo. The ability to 
design extensive hydrogen-bond networks with atomic accuracy enables the programming 
of protein interaction specificity for a broad range of synthetic biology applications; more 
generally, our results demonstrate that, even with the tremendous diversity observed in 
nature, there are fundamentally new modes of interaction to be discovered in proteins. 


ydrogen bonds play key roles in the struc- 

ture, function, and interaction specificity of 

biomolecules. There are two main challenges 

facing de novo design of hydrogen-bonding 

interactions: First, the partially covalent 
nature of the hydrogen bond restricts polar hydrogen- 
containing donors and electronegative acceptors 
to narrow ranges of orientation and distance, and 
second, nearly all polar atoms must participate in 
hydrogen bonds—either with other macromolec- 
ular polar atoms, or with solvent—if not, there is 
a considerable energetic penalty associated with 
stripping away water upon folding or binding (2). 
The DNA double helix elegantly resolves both 
challenges; paired bases come together such that 
all buried polar atoms make hydrogen bonds that 
are self-contained between the two bases and have 
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near-ideal geometry. In proteins, meeting these chal- 
lenges is more complicated because backbone ge- 
ometty is highly variable, and pairs of polar amino 
acids cannot generally interact as to fully satisfy 
their mutual hydrogen-bonding capabilities; hence, 
side-chain hydrogen bonding usually involves net- 
works of multiple amino acids with variable geom- 
etry and composition, and there are generally 
very different networks at different sites within 
a single protein or interface preorganizing polar 
residues for binding and catalysis (2-6). 

The modular and predictable nature of DNA 
interaction specificity is central to molecular biol- 
ogy manipulations and DNA nanotechnology (7, 8), 
but without parallels in nature, it has not been 
evident how to achieve analogous programmable 
specificity with proteins. There are more polar 
amino acids than DNA bases, each of which can 
adopt numerous side-chain conformations in the 
context of different backbones, which allows for 
countless network possibilities. We hypothesized 
that by systematically searching through these 
network possibilities, it could be possible to de- 
sign protein interfaces specified by regular arrays 
of DNA-like central hydrogen-bond networks with 
modular specificity analogous to Watson-Crick 
base pairing. 

We began by developing a general computa- 
tional method, HBNet, to rapidly enumerate all 
side-chain hydrogen-bond networks possible in 
an input backbone structure (Fig. 1A). Tradition- 
al protein design algorithms are not well suited 
for this purpose; the total system energy is 
generally expressed as the sum of interactions 
between pairs of residues for computational 
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efficiency (9-11) and cannot clearly distinguish 
a connected hydrogen-bond network from a set 
of disconnected hydrogen bonds. HBNet starts by 
precomputing the hydrogen-bonding and steric 
repulsion interactions between all conformations 
(rotameric states) of all pairs of polar side chains. 
These energies are stored in a graph data struc- 
ture in which the nodes are residue positions, 
positions close in three-dimensional space are 
connected by edges, and for each edge, there is a 
matrix representing the interaction energies be- 
tween the different rotameric states at the two 
positions. HBNet then traverses this graph to iden- 
tify all networks of three or more residues con- 
nected by low-energy hydrogen bonds with little 
steric repulsion (Fig. 1B). The most extensive and 
lowest-energy networks (Fig. 1C) are kept fixed in 
subsequent design calculations at the remaining 


O position 


A sidechain rotamer 
possibilities 


e sidechain rotamer 
e—e hydrogen-bond 


residue positions. Networks with buried donors 
and acceptors not making hydrogen bonds (un- 
satisfied) are rejected (Fig. 1D). Details of the method, 
as well as scripts for carrying out the design calcu- 
lations, are provided in the supplementary materials. 

Inspired by the DNA double helix, we aimed to 
host the hydrogen-bond networks in protein oligo- 
mers with an inherent repeat structure to enable 
networks to be reutilized within the same scaf- 
fold. We therefore turned our attention to coiled 
coils, which are abundant in nature (72, 13), the 
subject of many protein design studies (14-17), 
and can be generated parametrically (78, 19), which 
results in repeating geometric cross sections. Coiled- 
coil packing and oligomerization state are largely 
determined by position-specific identities of non- 
polar residues that pack between the helices (20-22); 
salt bridge and hydrogen-bonding interactions be- 


most extensive 
network 


B Resj rotamers 
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tween residues on the periphery can provide ad- 
ditional specificity (23-25). In natural and designed 
coiled coils, buried polar interactions can also alter 
specificity; however, most of these cases involve, at 
most, one or two side-chain-side-chain hydrogen 
bonds with remaining polar atoms satisfied by 
water or ions (26-30). The relatively small cross- 
sectional interface area of canonical coiled coils 
limits the diversity and location of possible net- 
works. To overcome these limitations, we decided 
to focus on oligomeric structures with two concen- 
tric rings of helices (Fig. 1E and fig. S1). 

We built “two-ring” topologies from helical 
hairpin monomer subunits consisting of an inner 
and outer helix connected by a short loop by using 
a generalization of the Crick coiled-coil parame- 
terization (31). Wide ranges of backbones were 
generated by systematically sampling the radii and 


Fig. 1 Overview of the HBNet method and design 
strategy. (A) (Left) All side-chain conformations 
(rotamers) of polar amino acid types considered 
for design at each residue position (oxygen atoms 
colored red, nitrogen atoms blue); (middle) many 
combinations of hydrogen-bonding rotamers are 
possible, and the challenge is to traverse this space 
and extract (right) networks of connected hydrogen 
bonds. (B to D) HBNet. (B) HBNet precomputes 
the hydrogen bond and steric repulsive interaction 
energies between side-chain rotamers at all pairs 
of positions and stores them in a graph structure; 
nodes are residue positions, residue pairs close 
enough to interact are connected by edges, and 
for each edge there is an interaction energy matrix; 
yellow indicates rotamer pairs with energies below 
a specified threshold (hydrogen bonds with good 
geometry and little steric repulsion). Traversing 
the graph elucidates all possible connectivities of 
hydrogen-bonding rotamers (networks) that do not 
clash with each other. In the simple example shown, 
two pairs of side-chain rotamers at Res; and Res 
make good-geometry hydrogen bonds, but graph 
traversal shows that only one of these (left) can 
be extended into a connected network: (C) Res; 
rotamer 3 (i:3) can hydrogen bond to both Res, 
rotamer 2 (k:2) and Res; rotamer 4 (/:4), yielding a 
“good” network of fully connected Asn residues with 
all heavy-atom donors and acceptors satisfied, 
whereas (D) would be rejected because the hydrogen- 
bonding rotamers /:6 (Gln) and j:4 (Ser) cannot form 
additional hydrogen bonds to nearby positions k 
and I, which leaves unsatisfied buried polar atoms. 
(E to G) Design strategy. (E) Parametric generation 
of two-ring coiled-coil backbones. For example, a 
C3 symmetric trimer (monomer subunits in differ- 
ent colors) is defined by the following parameters: 
supercoil radius of inner (Rin) and outer (Rout) 
helices, helical phase of the inner (Agjj,) and outer 
A@jout) helices, supercoil phase of the outer helix 
(Ago), Z-offset between the inner and outer helices 
Zot), and the supercoil twist (wo). (F) HBNet is 
applied to parametric backbones to identify the 
best hydrogen-bond networks. (G) Networks are 
maintained; the remaining residue positions are 
designed in the context of the assembled sym- 
metric oligomer. 
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helical phases of the inner and outer helices, the 
z-offset between inner and outer helices, and 
the overall supercoil twist (Fig. IE). HBNet was 
then used to search these backbones for networks 
that span the intermolecular interface, have all 
heavy-atom donors and acceptors satisfied, and 
involve at least three side chains (Fig. IF); because 
of these stringent requirements, only a small frac- 
tion of backbones can support such networks— 
but by systematically varying the degrees of freedoms 
of the two-ring structures, tens of thousands of 
backbones can readily be generated, and the ef- 
ficiency of HBNet makes searching for networks 
in large numbers of backbones computationally 
tractable. Rosetta Design (11, 32) was then used 
to optimize rotamers at the remaining residue 
positions in the context of the cyclic symmetry of 
the oligomer (Fig. 1G). Designs were ranked based 
on the total oligomer energy by using the Rosetta 
all-atom force field (33) and were filtered to re- 
move designs with large cavities or poor packing 
around the networks. The top-ranked designs were 
evaluated using Rosetta “fold-and-dock” calcula- 
tions (34). Designs with energy landscapes shaped 
like funnels leading into the target-designed struc- 
ture were identified, and a total of 114 dimeric, 
trimeric, and tetrameric designs spanning a broad 
range of superhelical parameters and hydrogen- 
bond networks were selected for experimental 
characterization [table S1; for design naming con- 
vention see (35)]. 

Synthetic genes encoding the selected designs 
were obtained and the proteins expressed in 
Escherichia coli. The ~90% (101/114) of designs 
that were expressed and soluble (table S2) were 
purified by affinity chromatography, and their oli- 
gomerization state was evaluated by size-exclusion 
chromatography multiangle light scattering (SEC- 
MALS). Of the 101 soluble designs, 66 were found 
to have the designed oligomerization state (table 
$2). The 101 soluble designs span eight different 
topologies (fig. S1); of these, the supercoiled tet- 
ramers have the largest buried interface area, 
yielded the fewest designs with all buried donors 


Fig. 2. The outer ring Ac 
of helices increases 
thermostability and 
can overcome the 
poor helical propen- 
sity of the inner 
helices. (A) CD spec- 
trum (260 to 195 nm) of 
design 2L4HC2_23 at B 0 
25°C (blue), 75°C (red), 
95°C (green), and 25°C 
after cooling (purple). 
(B) Design 2L4HC2_ 
unfolds at 6.5 M GdmCl. 
(C) Design 2L4HC2_9, a 0 2.5 5 
supercoiled C2 homo- [Gamal (M) 
dimer colored by chain, 
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and acceptors satisfied, and had the lowest suc- 
cess rate (only 3 of the 13 soluble designs prop- 
erly assembled). Excluding supercoiled tetramers, 
72% (63/88) assembled to the designed oligomeric 
state, and of these, 89% (56/63) eluted as a single 
peak from the SEC column. The designed proteins 
were further characterized by circular dichroism 
(CD) spectroscopy; all designs tested exhibited 
characteristic a-helical spectra, and CD-monitored 
unfolding experiments showed that more than 
90% of these were stable at 95°C (Fig. 2 and figs. 
$2 to S8). 

To probe the energetic contribution of the outer 
ring of helices, we compared the stability of the 
two-ring designs to corresponding designs with 
only the inner ring; core interface positions of the 
inner helices, including hydrogen-bond network 
residues, were retained, and solvent-exposed sur- 
face positions were redesigned in the same man- 
ner as the surface of the two-ring designs. Design 
21AHC2_9 (Fig. 2C), a supercoiled homodimer, is 
folded and thermostable (Fig. 2D); Its inner helix 
peptide, 2L4HC2_9_ inner (Fig. 2E), also forms a 
homodimeric coiled coil (fig. S9), but with mark- 
edly decreased thermostability (Fig. 2F). Design 
2L6HC3_13 (Fig. 2G), a supercoiled homotrimer, 
is also folded and thermostable (Fig. 2H); how- 
ever, the corresponding inner ring peptide (Fig. 
21) in isolation is unfolded (Fig. 2J) and mono- 
meric (fig. S9D). This inner helix is internally 
frustrated: It has four Asn residues at canonical a 
or d heptad-packing positions (fig. SQE), where 
Asn has been found to be destabilizing (36, 37), 
and Leu and Ile at other a and d positions, re- 
spectively, which favors homotetramers (37). In 
the presence of the outer helix and designed 
hydrogen-bond networks, the two-ring design 
assembles to the intended trimeric structure, as 
elucidated by x-ray crystallography (Fig. 3A). To- 
gether, these results suggest that the outer ring 
of helices not only increases thermostability but 
also can drive coiled-coil assembly, even in the 
context of an inner helix with low helical pro- 
pensity and noncanonical helical packing (fig. S9), 
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which permits greater sequence diversity across 
larger interfaces. 


Structural characterization 


To assess the accuracy of the designs, we deter- 
mined 10 crystal structures spanning a range of 
oligomerization states, superhelical parameters, 
and hydrogen-bond networks (Fig. 3, A to F, and 
figs. S10 to S12). Designs for which crystals were 
not obtained were characterized by small-angle 
x-ray scattering (SAXS) (Fig. 4, figs. S13 and S14, 
and table S4). We solved structures for three left- 
handed trimers, four left-handed dimers, a left- 
handed tetramer, and an untwisted triangle-shaped 
trimer. Additional topologies characterized by SAXS 
include square-shaped untwisted tetramers (Fig. 
4A) and dimers (Fig. 4B), as well as six-helix dimers 
(two inner, one outer helix) with either parallel 
right-handed (Fig. 4C) or antiparallel left-handed 
(Fig. 4D) supercoil geometry. Five of the x-ray 
crystallography-verified designs (Fig. 3, A and C 
to F) were also characterized by SAXS (fig. S14A), 
and the experimentally determined spectra were 
found to closely match those computed from the 
design models, which suggests that very similar 
structures are populated in solution. 

The three left-handed trimer structures are re- 
markably similar to the design models with sub- 
angstrom root mean square deviation (RMSD) 
across all backbone Co, atoms and across all heavy 
atoms of the hydrogen-bond networks (Fig. 3, A 
and B, and fig. S10). These structures are con- 
structed with supercoil phases of 0, 120, and 240 
degrees for the inner helices, and 60, 180, and 
300 degrees for the outer helices (fig. S1); loops con- 
nect outer N-terminal helices to inner C-terminal 
helices (at -60 degrees from the outer helix). Ex- 
tensive 9- or 12-residue networks form the in- 
tended hydrogen bonds in the crystal structures 
(Fig. 3, A and B, middle, and fig. S10). Unlike 
previously designed single-ring trimers where 
three buried asparagines (Asns) resulted in sub- 
stantially decreased thermostability (38), these 
two-ring trimers are stable up to 95°C and ~4.5 M 
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view down the supercoil axis. (D) CD spectrum of 2L4HC2_9 as in (A). (E) Inner ring design of 2L4HC2_9. (F) CD temperature melt monitoring absorption at 
222 nm; 2L4HC2_9 (black) is considerably more stable than 2L4HC2_9_inner (gray). (G) Design 2L6HC3_13, a supercoiled C3 homotrimer. (H) CD spectrum of 
2L6HC3_13 at different temperatures as in (A). (1) 2L6HC3_13 inner. (J) CD spectra of 2L6HC3_13 (black) and 2L6HC3_13_inner (gray); in the absence of the 
outer helix, the inner helix is unfolded. All CD data are plotted in mean residue ellipticity (MRE) 10° deg cm? - dmol7!. 
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Fig. 3. X-ray crystal structures are in 
close agreement with the design 
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is reported inside each panel; (right) 
hydrophobic core packing surrounding the networks, which are indicated by colored arrows. (A) 2L6HC3_13 (1.64 A resolution; RMSD = 0.51 A over all Ca atoms) 
and (B) 2L6HC3_6 (2.26 A resolution; RMSD = 0.77 A over all Ca atoms) are left-handed C3 homotrimers, each with two identical networks at different 
locations that span the entire interface, contacting all six helices. (C) 2L8HC4_12, a left-handed C4 homotetramer with two different hydrogen-bond 
networks (fig. S4D); the low (3.8 A) resolution does not allow assessment of the hydrogen-bond network side chains. (D) 2L4HC2_9 (2.56 A resolution; 0.39 A 
RMSD over all Ca atoms) and (E) 2L4HC2_23 (1.54 A resolution; RMSD = 1.16 A over all Ca atoms) are left-handed C2 homodimers, each with one network. (F) 
5L6HC3_1 (2.36 A resolution; RMSD = 0.51 A over all Ca atoms) is a C3 homotrimer with straight, untwisted helices and two identical networks at different cross 
sections. (G and H) Schematics of hydrogen-bond networks from 2L6HC3_13 (A) and 5L6HC3_1 (F). The indicated hydrogen bonds are present in both design 
model and crystal structure. 
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guanidinium chloride (fig. S3 and fig. S9) with 
numerous buried polar residues; 2L6HC3_13 has 
12 completely buried Asns, and 2L6HC3_6 has 
24 buried polar residues confined to a small re- 
gion of the interface, including six Asns and six 
glutamines (Glns). 

The four left-handed dimer crystal structures 
all have the designed parallel two-ring topology. 
Two of the dimer structures have hydrogen-bond 
networks in close agreement with the designs: 
214HC2_9 (Fig. 3D) and 2L4HC2_23 (Fig. 3E) 
have 0.39 A and 0.92 A RMSD across all network 
residue heavy atoms, respectively, and 0.39 A and 
116 A RMSD over all Ca atoms. The other two, 
21L4HC2_11 (fig. S11, A and B) and 2L4HC2_24 
(fig. S11, C to E), have slight structural deviations 
from the design models caused by water displac- 
ing designed network side chains; in the former, 
the interface shifts ~2 A because of a buried water 
molecule bridging two network residues (fig. S11B), 
and in the latter, the backbone is nearly identical 
to the design model, but side chains of the de- 
signed network are displaced by ordered water 
molecules (fig. SIIE). These two cases highlight 
the need for high connectivity and satisfaction (all 
polar atoms participating in hydrogen bonds) of 
the networks. The left-handed tetramer structure 
has the designed overall topology (Fig. 3C), and 
SAXS data are in close agreement with the design 
model (fig. S14), but side-chain density was un- 
certain because of low (3.8 A) resolution. The 
amino acid sequence is unrelated to any known 
sequence, and the top hit in structure-based searches 
of the Protein Data Bank (PDB) has a different 
helical bundle arrangement (fig. S15D). 

The five antiparallel six-helix dimers were sol- 
uble and assembled to the designed oligomeric 
state (table S2), with SAXS data in agreement with 
the design models (Fig. 4D and fig. S14). Design 


{ 
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2L6Hanti_3 contains a hydrogen-bond network 
with a buried Tyr at the dimer interface (Fig. 4D). 
Of the three right-handed six-helix dimers charac- 
terized by SAXS, 3L6HC2_4 (Fig. 4C) and 3L6HC2_7 
(fig. S14) exhibited scattering in agreement with 
the design models, whereas 3L6HC2_2 did not 
(fig. S14). Although 3L6HC2_2 was designed to 
form a parallel dimer, the crystal structure revealed 
an antiparallel dimer interface, which highlights 
two design lessons (fig. S12): (i) the importance 
of intermolecular hydrogen bonds at the binding 
interface (the 3L6HC2_2 design model has only 
two across the interface compared with nine in 
2L6HC3_6) (Fig. 3B) and (ii) the importance of 
favorable hydrophobic contacts complementing 
the networks (the 3L6HC2_2 design model has 
mainly Alas at the interface). 

SAXS data suggest that our untwisted dimer, 
trimer, and tetramer designs assemble into the 
target triangular and square conformations (Fig. 
4, A and B, and fig. $14). Guinier analysis (table 
S4) and fit of the low-qg region of the scattering 
vector indicates that the seven untwisted dimers 
tested are in the correct oligomeric state, four of 
which have very close agreement between the 
experimental spectra and design models (Fig. 4B 
and fig. S14). The SAXS data on the three un- 
twisted tetramers were all in close agreement 
with the corresponding design models (Fig. 4A, 
fig. S14, and table S4). Design 5L8HC4_6 has a 
distinctive network with a Trp making a buried 
hydrogen bond at one end of the network, which 
then propagates outwards toward solvent and 
connects to a Glu on the surface (Fig. 4A). To the 
best of our knowledge, oligomers with such uni- 
formly straight helices do not exist in nature, nor 
have these topologies been designed previously. 

The 2.36 A crystal structure of the untwisted 
trimer reveals straight helices with 0.51 A RMSD 
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to the design model over all Ca atoms (Fig. 3F). 
The two hydrogen-bond networks (Fig. 3F, mid- 
dle), as well as the hydrophobic packing residues 
surrounding the networks (Fig. 3F right), are 
nearly identical between the crystal structure and 
design model. Like the supercoiled trimers, each 
of these networks contains side chains from 
every helix, and helices were constructed to be 
uniformly spaced (fig. $1). The helices are nearly 
perfectly straight in the crystal structure, with 
supercoil twist values very close to the idealized 
design value of zero: @) = -0.036 degrees per 
residue for the inner three helices and wg = -0.137 
degrees per residue for the outer three helices. 
Blast searches with the amino acid sequence 
returned no matches with E-values better than 
10, and the top hit in a search for similar struc- 
tures in the PDB has three supercoiled helices 
flanked by long extended regions (fig. SI5E). 


Comparison of successful versus 
unsuccessful network designs 


Several trends emerged distinguishing successful 
designs. First, in successful designs, nearly all 
buried polar groups made hydrogen bonds. We 
selected designs with all heavy-atom donors and 
acceptors satisfied, but the networks had varying 
numbers of polar hydrogens unsatisfied. Net- 
works with the largest fraction of satisfied polar 
groups generally had relatively high connectivity, 
both with respect to the total number of hydro- 
gen bonds and number of side chains contribu- 
ting to the network. The networks with the highest 
connectivity and structural accuracy spanned the 
entire cross-sectional interface, with each helix 
contributing at least one side chain (Fig. 3, A, B, 
E, and F). Design 2L6HC3_13 also has two addi- 
tional smaller networks consisting of a single sym- 
metric Asn making two hydrogen bonds, but with 
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Fig. 4. Structural characterization by SAXS. (Left) backbones and (middle) hydrogen-bond networks for the design models are displayed as in Fig. 3; (right) 
design models (red) were fit to experimental scattering data (black) using FoXS (59, 60); quality of fix (X) is indicated inside each panel. (A) Design 5L8HC4_6 (X = 
1.36), an untwisted C4 homotetramer with two identical hydrogen-bond networks. (B) Design 5L4HC2_12 (X = 1.45), an untwisted C2 homodimer with a single 
hydrogen-bond network. (C) Design 3L6HC2_4 (X = 2.04), a parallel right-handed C2 homodimer with two repeated networks, two inner helices, and one outer 
helix. (D) Design 2L6Hanti_3 (X = 1.80), a left-handed antiparallel homodimer with two inner helices and one outer helix; because of the antiparallel geometry, 


the same network occurs in two locations. 
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one polar hydrogen unsatisfied; in the crystal struc- 
ture, these residues move away from the design 
model, displaced by water molecules (fig. S16). 


The designed hydrogen-bond networks 
confer specificity 


To test the role of the designed hydrogen-bond 
networks in conferring specificity for the target 
oligomeric state, we carried out control design 
calculations using the same protein backbones 
without HBNet, which yielded uniformly hydro- 
phobic interfaces. In silico, despite having lower 
total energy in the designed oligomeric state, these 
designs exhibit more pronounced alternative 
energy-minima in fold-and-dock and asymmetric 
docking calculations (fig. S17), consistent with the 


much less restrictive geometry of nonpolar pack- 
ing interactions. Experimentally, these hydropho- 
bic designs exhibited less soluble expression than 
their counterparts with hydrogen-bond networks 
(fig. SI8A) and tended to precipitate during puri- 
fication; of those that remained in solution long 
enough to collect SEC-MALS data, all but one 
formed higher-molecular-weight aggregates and 
eluted as multiple peaks from the SEC column 
(fig. S18). These results suggest that the designed 
hydrogen-bond networks confer specificity for 
the target oligomeric state and resolve the degen- 
eracy of alternative states observed with purely 
hydrophobic packing (this degeneracy is consid- 
erably more pronounced for our two-ring struc- 


tures than traditional single-ring coiled coils, which 


have many fewer total hydrophobic residues and 
less interhelical interface area). 

We used an in vivo yeast two-hybrid assay (38) 
to further probe the interaction specificity of the 
designed oligomers. Sequences encoding a range 
of dimers, trimers, and tetramers were crossed 
against each other in all-by-all binding assays (Fig. 
5 and fig. S19): Synthetic genes for the designs 
were cloned in frame with both DNA binding do- 
mains and transcriptional activation domains in 
separate vectors, and the extent of binding between 
the different designs assessed by cell growth, which 
requires juxtaposition of the DNA binding domain 
with the activation domain. Even without explicit 
negative design, the designed homo-oligomeric 
interactions are stronger than the (unintended) 
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Fig. 5. The hydrogen-bond networks confer specificity. (A) Interaction sur- 
faces of monomer subunits for six structurally verified designs, ordered by 
increasing contiguous hydrophobic interface area (orange), as calculated by 
hpatch (61); hydrogen-bond network residues are colored magenta. (B) Bind- 
ing heat-map from yeast two-hybrid assay. Designs in (A) were fused to both 
DNA binding domain and the activation domain constructs and binding mea- 
sured by determining the cell growth rate [maximum change in optical density 
AOD) per hour]; darker cells indicate more rapid growth, hence stronger binding; 
values are the average of at least three biological replicates with standard devia- 
tions reported in fig. S19. The heat-map is ordered as in (A), and designs with more 
extensive networks and better-partitioned hydrophobic interface area exhibit 
higher interaction specificity. (C to G) Modular networks confer specificity in a 
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programmable fashion. (C) The backbone corresponding to designs 2L6HC3_13 
(Fig. 3A) and 2L6HC3_6 (Fig. 3B) can accommodate different networks at each 
of four repeating geometric cross sections. (D) Three possibilities for each 
cross section: Network “A,” network “B,” or hydrophobic, “X.” (E) Combinatorial 
designs using this three-letter combination were tested for interaction specificity 
using the yeast two-hybrid assay as in (B). Axis labels denote the network pattern; 
for example, “AXBX” indicates network A at cross section 1, network B at cross 
section 3, and X (hydrophobic) at the two others. (F) SAXS profiles for com- 
binatorial designs as in Fig. 4. (G) SEC chromatograms monitoring absorbance 
at 280 nm (Azgo) and estimated molecular masses (from MALS); designs range 
from ~27 to 30 kD. AAXX, XXBB, and XXXX correspond to designs 2L6HC3_13, 
2L6HC3_6, and 2L6HC3_hydrophobic_l, respectively. 
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competing hetero-oligomeric interactions (Fig. 
5B). Designs in which the hydrogen-bond net- 
works partition hydrophobic interface area into 
relatively small regions are more specific than 
designs with large contiguous hydrophobic patches 
at the helical interface (Fig. 5, A and B). The 
designs with the best-partitioned hydrophobic 
area had networks spanning the entire oligomeric 
interface, with each helix contributing at least one 
side chain. This unifying design principle can 
readily be enforced using HBNet. 

To test if regular arrays of networks can confer 
specificity in a modular, programmable manner, 
we designed an additional set of trimers, each 
with identical backbones and hydrophobic pack- 
ing motifs, the only difference being placement 
and composition of the hydrogen-bond networks. 
The designs are based on 2L6HC3_13 (Fig. 3A) 
and 2L6HC3_6 (Fig. 3B), which originated from 
the same superhelical parameters but have unique 
networks we will refer to as “A” and “B,” respec- 
tively; cross sections with only nonpolar residues 
are labeled “X.” We used this three-letter code to 
generate new designs in combinatorial fashion: 
At each of the four repeating cross sections of the 
supercoil (Fig. 5C), we placed the A, B, or X (Fig. 
4D) followed by the same design strategy and 
selection process as before. The design names 
indicate network placement; for example, “AXAX” 
has network “A” at cross sections one and three 
and hydrophobic packing (“X”) at two and four. 
Six of these combinatorial designs were synthe- 
sized, and five out of six were found to be folded, 
thermostable, and assembled to the designed 
trimeric oligomerization state in vitro (Fig. 5, F 
and G, and fig. $20). These five, along with the 
two parent designs (2L6HC3_13 = AAXX and 
2L6HC3_6 = XXBB) and an all-hydrophobic con- 
trol (XXXX), were crossed in all-by-all yeast two- 
hybrid binding experiments (Fig. 5E). Again, the 
designed self interactions were found to be the 
strongest. Overall, the combinatorial designs ex- 
hibit a level of specificity that is striking, given that 
all have identical backbones and high overall se- 
quence similarity (fig. S20), whereas the hydro- 
phobic control is relatively promiscuous; the central 
hydrogen-bond networks are clearly responsible 
for mediating specificity. 


Conclusions 


Previous de novo protein design efforts have fo- 
cused on jigsaw-puzzle-like hydrophobic core 
packing to design new structures and interactions 
(39-42). Unlike the multibody problem of design- 
ing highly connected and satisfied hydrogen-bond 
networks, hydrophobic packing is readily captured 
by established pairwise-decomposable potentials; 
because of this and the inherent challenge of de- 
signing buried polar interactions, most protein 
interface designs have been predominantly hy- 
drophobic, and attempts to design buried hydro- 
gen bonds across interfaces have routinely failed 
(43). Polar interfaces have been designed in spe- 
cialized cases (44-46) but have been difficult to 
generalize, with many interface design efforts re- 
quiring directed evolution to optimize polar con- 
tacts and achieve desired specificity (47, 48). 
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HBNet now provides a general computational 
method to accurately design hydrogen-bond net- 
works. This ability to precisely preorganize polar 
contacts without buried unsatisfied polar atoms 
should be broadly useful in protein design chal- 
lenges such as enzyme design, small molecule 
binding, and polar protein interface targeting. 

Our two-ring structures are a new class of pro- 
tein oligomers that have the potential for program- 
mable interaction specificity analogous to that of 
Watson-Crick base pairing. Whereas Watson-Crick 
base pairing is largely limited to the antiparallel 
double helix, our designed protein hydrogen-bond 
networks allow the specification of two-ring struc- 
tures with a range of oligomerization states (dimers, 
trimers, and tetramers) and supercoil geometries. 
Elegant studies have demonstrated a wide range 
of interaction specificity with standard single-ring 
coiled coils (37, 49-55); with an outer ring of helices 
to enable extensive hydrogen-bond networks, it 
should be possible to generate a much larger 
range of orthogonal interactions than has been 
achieved previously. Our results demonstrate 
that a wide range of hydrogen-bond network 
compositions and geometries is possible in re- 
peating two-ring topologies and multiple net- 
works can be engineered into the same backbone 
at varying positions without sacrificing thermo- 
stability, and that network combination enables 
stable building blocks with uniform shape but 
orthogonal binding interfaces (Fig. 5). The DNA 
nanotechnology field has demonstrated that a 
spectacular array of shapes and interactions can 
be built from a relatively limited set of hydrogen- 
bonding interactions (56-58). It should now 
become possible to develop new protein-based 
materials with the advantages of both polymers: 
DNA-like programmability and tunable specific- 
ity coupled with the geometric variability, inter- 
action diversity, and catalytic function intrinsic 
to proteins. 
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PROTEIN DESIGN 


Design of structurally distinct 
proteins using strategies inspired 


by evolution 


T. M. Jacobs,’ B. Williams,” T. Williams,” X. Xu,®*** A. Eletsky,?* J. F. Federizon,? 


T. Szyperski,? B. Kuhlman?*+ 


Natural recombination combines pieces of preexisting proteins to create new tertiary 
structures and functions. We describe a computational protocol, called SEWING, which is 
inspired by this process and builds new proteins from connected or disconnected pieces of 
existing structures. Helical proteins designed with SEWING contain structural features 
absent from other de novo designed proteins and, in some cases, remain folded at more 
than 100°C. High-resolution structures of the designed proteins CAO1 and DAO5R1 were 
solved by x-ray crystallography (2.2 angstrom resolution) and nuclear magnetic resonance, 
respectively, and there was excellent agreement with the design models. This method provides 
a new strategy to rapidly create large numbers of diverse and designable protein scaffolds. 


ost efforts in de novo protein design have 
been focused on creating idealized pro- 
teins composed of canonical structural 
elements. Examples include the design 
of coiled coils, repeat proteins, TIM bar- 
rels, and Rossman folds (J-6). These studies elu- 
cidate the minimal determinants of protein 
structure, but they do not aggressively explore 
new regions of structure space. Additionally, 
idealized structures may not always be the most 
effective starting points for engineering novel 
protein functions. Functional sites in proteins 
are often created from nonideal structural ele- 
ments, such as kinks, pockets, and bulges. 
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The lack of nonideal structural elements from 
de novo designed proteins highlights a key dif- 
ference between natural protein evolution and 
current design methods. Specifically, protein 
design methods universally begin with a tar- 
get structure in mind. Therefore, the space of 
designable structures that can accommodate 
these nonideal protein elements is limited by 
the imagination of the designer. In contrast, 
natural evolution is based not on design but 
on cellular fitness provided by the evolved 
protein function. This lack of a predetermined 
target fold is a powerful feature of protein 
evolution that holds significant potential for 
the design of novel structures and functions. 
In an effort to tap this potential, we sought to 
develop a method of computational protein 
design inspired by mechanisms of natural pro- 
tein evolution. 

Gene duplication and homologous recombi- 
nation mix and match elements of protein struc- 
ture to give rise to new structures and functions 
(7-9). This phenomenon is most evident at the 
level of independently folding protein domains 
(10-12), but recent studies have shown that 


these same principles function at a smaller 
scale during the evolution of distinct, globular 
protein folds (73). Insertions, deletions, and 
replacement of secondary and supersecond- 
ary structural elements sample alternative ter- 
tiary structures (/4-16). Our design strategy, 
called SEWING (structure extension with native- 
substructure graphs), is motivated by this pro- 
cess and builds new protein structures from 
pieces of naturally occurring protein domains. 
The process is not dictated by the need to adopt 
a specific target fold but rather is aimed at cre- 
ating large sets of alternative structures that 
satisfy predefined design requirements. One of 
the strengths of this approach is that it ensures 
that all of the structural elements of the protein 
are inherently designable, at the same time al- 
lowing for the incorporation of structural odd- 
ities unlikely to be found in idealized proteins. 
Here, we apply SEWING to the design of helical 
proteins. We show that designed structures are 
diverse and contain structural features absent 
from alternative design strategies. 

SEWING begins with the extraction of small 
structural motifs, or substructures, from existing 
protein structures. These serve as the basic 
building blocks for all generated models. We 
aimed to identify substructures that were large 
enough to carry information regarding struc- 
tural preference yet small enough to allow 
combinations that can generate novel globular 
structures. Ultimately, we chose to extract two 
distinct types of substructures. The first is com- 
posed of continuous stretches of protein struc- 
ture that encompass two secondary structural 
elements separated by a loop (Fig. 1). These sub- 
structures capture the relative orientation be- 
tween adjacent secondary structure elements 
and maintain local packing interactions. In ad- 
dition, there is evidence that substructures of 
this size adopt a relatively limited number of 
conformations that have already been sampled 
exhaustively in known protein structures (14). 
The second type is composed of groups of three 
to five secondary structural elements, where each 
element makes van der Waals contacts with every 
other element, but the elements are not necessar- 
ily continuous in primary sequence (Fig. 1, supple- 
mentary methods). Nonadjacent, or discontinuous, 
substructures maintain longer-range tertiary in- 
teractions that provide valuable stability and are 
often conserved during protein evolution (17). 
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The goal of SEWING is to combine and modify 
these extracted components in order to develop 
new tertiary structures. Naturally occurring ho- 
mologous recombination, in which sequence sim- 
ilarity between DNA molecules leads to the 
combination of the genetic material, guides the 
formation of new protein chimeras. This pro- 
cess enriches for proteins that are more likely 
to be well folded and functional, as sequence- 
similarity filters for segments that are struc- 
turally compatible. In the case of SEWING, we 
know the three-dimensional structures of the 
building blocks; therefore, we can directly use 
structural information to probe which substruc- 
tures are well suited for combination. During 
SEWING, continuous substructures are eligible 
for combination if the C-terminal region of one 
substructure shares high structural similarity 
with the N-terminal region of another substruc- 
ture and if superposition of the two regions 
does not create any steric clashes between other 
regions in the two substructures. This type of su- 
perposition ensures that the three-dimensional 
spacing between all pairs of secondary structural 
elements adjacent in primary sequence is sim- 
ilar to that observed in the Protein Data Bank 
(PDB). During discontinuous SEWING, combi- 
nations are created by superimposing two ele- 
ments (helices in this study) from one substructure 
with two elements from another substructure. 
For both continuous and discontinuous SEWING, 
structure similarity is identified by using a fast 
geometric hashing approach that ensures that 


the regions of interest can align with low root 
mean square deviation (RMSD) (8). 

Once pairwise structural similarity is cal- 
culated between all substructures, these data 
are used to generate a large graph (Fig. 1). The 
nodes in this graph represent the substructures, 
and the edges indicate a level of structural sim- 
ilarity that allows recombination. Novel struc- 
tures are generated from this graph by traversing 
a path wherein each followed edge adds new 
structural elements to the design model. The 
number of edges included in the sampled paths 
can control the approximate size of the gen- 
erated structures. Unlike previously described 
methods of de novo backbone generation, no 
target structure is required, and output struc- 
tures span a diverse set of globular folds. 

Previous studies have demonstrated that pro- 
tein fragments can adopt alternative structures 
when placed in new environments (19-2), and 
thus, similar to natural evolution, the next step 
in the design process was to further stabilize 
the protein through mutagenesis. This optimi- 
zation step was achieved using iterative steps of 
side-chain packing and backbone minimization 
available in the Rosetta molecular-modeling suite 
(22). Preference for the amino acid sequence 
present in the parental substructure was used 
to better preserve the structural interactions 
inherent to the parent substructures. 

To test SEWING, we designed a diverse set 
of helical proteins using graphs composed of 
continuous substructures or discontinuous sub- 


Continuous SEWING 


Discontinuous SEWING 


hd 


Je By 


Loop Fragment 
Database 


structures. Continuous and discontinuous sub- 
structures were extracted from nonredundant 
subsets of the PDB (23, 24). In total, 33,928 
continuous substructures and 4584: discontinuous 
substructures were extracted. Design models 
from the continuous graph were generated by 
using three-edge paths and were therefore com- 
posed of substructures extracted from four ex- 
isting structures from the PDB (Fig. 1). The 
continuous graph contained 345 million edges, 
which allowed an estimated 7 x 10'° backbones 
that can be filtered and optimized in later de- 
signs steps (supplementary methods). Initially, 
50,000 alternative tertiary structures were cre- 
ated and used as templates for rotamer-based 
sequence optimization and energy minimiza- 
tion. These models were filtered and sorted by 
using metrics that evaluate predicted energy 
(normalized by sequence length), side-chain pack- 
ing, buried polar groups, and sequence-structure 
agreement (supplementary methods) (25). When 
examining the models, we noticed that the naive 
SEWING procedure was biased toward creating 
low-contact order models, i.e., structures with 
few contacts between residues distant in primary 
sequence. To overcome this bias, we filtered for 
models with contact orders more representative 
of naturally occurring helical proteins (fig. S1). 
We have subsequently demonstrated that Monte 
Carlo sampling of the SEWING graph with a 
score function that favors long-range contacts 
can be used to build high-contact models with 
high frequency (fig. S1). This illustrates one way 


i 
ps 


Fig. 1. Overview of the SEWING method. (A) Continuous SEWING workflow for CAOI. (B) Discontinuous SEWING workflow for DAOS. From left to right: 
Parental PDBs are shown with extracted substructures; graph schematic—colored nodes indicate substructures contained in the final design model, and 
superimposed structures show structural similarity indicated by adjacent edges; design model before sequence optimization and loop design; and final 


design models. 
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that directed sampling of the SEWING graph can 
be used to enforce design requirements. 

In total, 11 designs based on continuous 
SEWING were selected for experimental char- 
acterization (table S1). Each region of the final 
designs shared between 45 and 65% sequence 
identity with the substructure that they were 
built from (figs. S2 and S3), but when performing 
a BLAST search with the full-length sequences, 
no matches were identified that aligned over the 
full length of the proteins. Eight designs expressed 
well in Escherichia coli and were readily purified 
from the soluble fraction of 1-liter cultures. Four 
of the eight proteins were monomeric as seen by 
size-exclusion chromatography-multiangle light 
scattering, had a circular dichroism (CD) spec- 
trum characteristic of a helical protein, and 
unfolded cooperatively upon thermal denatura- 
tion (Fig. 2 and figs. S4 and S5). Two of the 
designed proteins are hyperthermophiles and 
require high concentrations of chemical denatur- 
ant in order for one to observe thermal unfolding 
(Fig. 2B). For one design, CAO1, several thermody- 
namic parameters were determined by fitting a 
modified Gibbs-Helmholtz equation to the ther- 
mal and chemical denaturation surface (Fig. 3B 
and table S2) (26). The extrapolated melting tem- 
perature of 126°C places it among the top 0.01% 
of values in the ProTherm database of protein 
stabilities (27). The crystal structure of CAO1 
was solved to 2.2 A and shows excellent agree- 
ment with the design model, with the RMSD of 
the Ca atomic coordinates equaling 0.8 A. Sim- 
ilarly, the side-chain packing of the protein 
core is nearly identical for the design model and 
the experimental structure (Fig. 3, fig. S6, and 
table S3). 

The structural variety in the design models 
for the well-folded proteins is of particular note 
(Fig. 2). The SEWING-generated models include 
kinked and curved helices (figs. S7 and S8), 
cavities and clefts (figs. S9 and S10), and a large 
range of helix-crossing angles (Fig. 2). The topol- 
ogies of the SEWING models are varied when 
compared with previously designed o-helical 
proteins, which are restricted to coiled coils, 
repeat proteins, and up-down four-helical bundles 
(Fig. 2C). To compare SEWING models with na- 
turally occurring protein structures, we searched 
for structurally similar domains using the Dali 
server (28). In general, large portions of the mod- 
els aligned to regions of existing protein struc- 
tures. However, the sequence identities across 
the alignments were typically below 20%, and 
the positions of the unaligned residues frequent- 
ly diverged (fig. S11). For instance, the fifth helix 
of CAO1 is shifted by ~9 A relative to the fifth 
helix in the top Dali match. These sequences 
and structural differences provide unique sur- 
faces that may serve as templates for future 
design goals. 

To test discontinuous SEWING, models were 
generated from two-edge paths and, thus, were 
composed of structural elements from three 
parent structures. The variable number of helical 
elements in the discontinuous substructures there- 
fore allowed design models to be composed of 5 to 
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Fig. 2. Well-folded SEWING designs. (A) Design models obtained with continuous (CA) and dis- 
continuous (DA) SEWING. (B) Temperature denaturation curves for well-folded SEWING designs, colored 
to match design models. (©) A comparison of previously designed helical structures (black dots) to SEWING 
models (colored squares) demonstrates the structural complexity of SEWING designs. We calculated 
crossing angles between all pairs of helices in each structure. Crossing angles were considered unique if they 
differed by >20 degrees from all other calculated angles in the same structure. Variance in helix size 
describes the calculated variance in the number of residues per helix for all helices in a single structure. A 
complete list of helix and crossing-angle definitions for de novo designs can be found in tables S5 and S6. 


Fig. 3. Structural and biophysical characterization of CAO1. (A) Backbone superimposition of the 
design model (green) and crystal structure (purple). (B) In the chemical and temperature denaturation 
experiment, a sharp unfolding transition is observed at 5 M GdHCl and 75°C. (©) Comparison of side-chain 
packing between the design model (green) and crystal structure (purple) at three different layers of the 
structure. 
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Fig. 4. Result for discontinuous assembly DAO5 and DAOSRI. (A) From left to right: Backbone superimposition of the DAO5 design model (orange) 
with a member of the NMR ensemble (blue). An example of continuous substructure graph for the design of a new final helix onto DAO5. Superimposition 
of three design models containing new helices. (B) From left to right: Backbone superimposition of the DAO5R1 design model (light blue) with a member 
of the DAO5R1 NMR ensemble (blue). A comparison of side-chain packing between the DAO5R1 design model and the NMR structure for DAO5R1. 


11 helices. Unlike models from the continuous- 
substructure graph, discontinuous models require 
the addition of loops between consecutive helices. 
Loops were designed by using a database of 
fragments from the PDB (29). Each loop frag- 
ment was superimposed onto the design model 
and optimized using gradient-based minimization 
in Cartesian space. Any path that created struc- 
tures for which no loop fragment could be found 
was eliminated from the set of designs. Design 
models were filtered and optimized in the same 
way as models from the continuous graph. In 
total, 10 were selected for experimental charac- 
terization (table S1). 

Of these 10 designs, 2 expressed at levels 
sufficient for purification. Both purified pro- 
teins were helical and folded, as evidenced by 
CD (Fig. 2 and fig. $4). Similar to the results 
from the continuous designs, one discontinuous 
design, DA03, demonstrated high thermostabil- 
ity, which required high levels of denaturant to 
completely unfold. For this design, an 181-residue 
six-helix bundle, unfolding appears to follow a 
three-state model (fig. S12). 

The structure of the other well-folded dis- 
continuous design, DAO05, was solved using nu- 
clear magnetic resonance (NMR) spectroscopy, 
as the protein did not readily crystallize (figs. 
$13 and S14 and table S4). The first four helices 
of the design model match the lowest-energy 
member of the NMR ensemble very closely, with 
aCa RMSD of 0.8 A (Fig. 4 and fig. S6). However, 
the NMR data indicate that the final helix of the 
protein is disordered in solution. In an effort to 
identify the errors in the design model that led to 
the unstructured region, structural preference for 
the designed sequence was evaluated with frag- 
ment analysis as described previously (J). The 
fragments extracted for the unstructured region 
showed especially poor preference for the de- 
signed helical structure (fig. S15). We attempted 
to design a new final helix for the DAO5 design 
using the continuous SEWING method. The final 
helix of the initial design model was removed, 
and the remainder of the model was added as a 
node to the continuous graph. New helices were 
evaluated by following a single edge from this 
new node (Fig. 4A). Three models designed in 
this way were selected for experimental testing. 
Two of the tested designs, DAO5R1 and DAO5R2, 
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show a significant increase in melting temper- 
ature relative to the initial DA05 design (fig. S16). 
The NMR structure of DAO5R1 shows that the 
newly designed helix adopts the designed con- 
formation, which highlights the utility of com- 
bining the continuous and discontinuous graphs 
(Fig. 4B, figs. S17 and S18, and table S4). 

The additional step of loop building is a criti- 
cal difference between discontinuous and con- 
tinuous SEWING. The accurate design of loops 
is a long-standing challenge for protein design, 
and this additional step may have contributed 
to the relatively lower success rate observed for 
discontinuous SEWING. In contrast, continuous 
SEWING maintains the relative orientation be- 
tween adjacent helices, which allows many of 
the designed loop sequences to be taken directly 
from the native substructure. The power of this 
strategy is seen in the high structural accuracy 
achieved for the loops in the CAO1 design (Fig. 3 
and fig. S2). 

Our results show that computational adapta- 
tions of basic evolutionary principles, such as 
recombination and mutation, can be used to de- 
sign, accurately and rapidly, a diverse set of heli- 
cal protein structures. The diversity of SEWING 
designs will further increase when alternative 
types of substructures are included, such as B-o. 
motifs and £ hairpins. Furthermore, discontin- 
uous and continuous SEWING can be merged, as 
in the DAOS5R1 design, to create additional diver- 
sity. We anticipate that this structural diversity 
will be advantageous for functional design, as 
every backbone generated with SEWING has 
new surface and pocket features that provide 
potential binding sites for ligands or macro- 
molecules. Additionally, SEWING offers an ap- 
proach for stitching together functional motifs 
from naturally occurring proteins, an evolution- 
ary mechanism to generate multifunctional pro- 
teins and allosteric systems. 
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MICROFLUIDICS 


Submillisecond organic synthesis: 
Outpacing Fries rearrangement 
through microfluidic rapid mixing 


Heejin Kim,'* Kyoung-Ik Min,”* Keita Inoue,’ Do Jin Im,” 


Dong-Pyo Kim,”} Jun-ichi Yoshida’t+ 


In chemical synthesis, rapid intramolecular rearrangements often foil attempts at site-selective 
bimolecular functionalization. We developed a microfluidic technique that outpaces the very 
rapid anionic Fries rearrangement to chemoselectively functionalize iodophenyl carbamates 
at the ortho position. Central to the technique is a chip microreactor of our design, which can 
deliver a reaction time in the submillisecond range even at cryogenic temperatures. The 
microreactor was applied to the synthesis of afesal, a bioactive molecule exhibiting anthelmintic 
activity, to demonstrate its potential for practical synthesis and production. 


hemical synthesis often involves competi- 
tion between unimolecular and bimolecu- 
lar reactivity of an intermediate. To fully 
explore and exploit the synthetic pathways 
of a given intermediate, control over its 
lifetime is needed along with control over its mix- 
ing time with external reagents for both its gener- 
ation and trapping reactions. One efficient means 
of prolonging the lifetime is to lower the reaction 
temperature; the range from -78° to -100°C is 
slightly above the melting point of many organic 
solvents (1). Microfluidic devices (2-9) concomi- 
tantly deliver extremely fast mixing times unat- 
tainable by batches (10-12). However, minimizing 
the mixing time in the microfluidic device is quite 
a challenge in the low-temperature range because 
of the exponential rise in the viscosity of the sol- 
vent with decreasing temperature (73). Here, we 
report a microfluidic device that achieves sub- 
millisecond mixing time even at cryogenic tem- 
peratures, and we demonstrate its utility in 
outpacing an intramolecular rearrangement. 


bonding 
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We initially considered modification of a stain- 
less steel microfluidic assembly used earlier (JO-12), 
which could deliver a residence time of a few 
milliseconds. However, the stainless steel was 
not suitable for fabricating a minuscule dead vol- 
ume, although compatibility with high-pressure 
and low-temperature reaction conditions was en- 
sured. To further reduce the residence time below 
milliseconds (14), it was necessary to devise a 
microfluidic device with a smaller internal vol- 
ume that would attain a higher level of mixing 
efficiency within the temporal frame needed for 
the synthesis. Such a device had two major 
requirements: The reaction mixture had to be 
well-mixed within the lifetime of the reactive in- 
termediate, and the device had to endure low 
temperature as well as high back pressure ensuing 
from the increased viscosity of the reaction fluid 
at that temperature. 

On the strength of good mixing reported for a 
three-dimensional (3D) serpentine mixer (5, 16), 
we designed various microchannel structures (MSs) 


and tested the structures for mixing efficiency on 
the basis of computational fluid dynamics (CFD). 
These structures were evaluated by monitoring 
the degree of mixing as a function of distance 
from the initial mixing point; in general, the mix- 
ing efficiency improved with increasing number 
of turns (see descriptions of MS-3, -4, and -5 in the 
supplementary materials). The turn induced chaot- 
ic advection involving rapid distortion and elonga- 
tion of the fluid interface (15-17) when the side-on 
collision type of serpentine 3D-structured chan- 
nel was used. The simulation results showed (fig. 
S1, B and C) that the serpentine 3D-structured 
channel MS-5, which has a turn before the mix- 
ing point and four turns after the mixing point in 
total length of 1 mm, provides mixing efficiency 
levels of 95% and 82% for total flow rates of 7.5 
and 4.5 ml/min, respectively. These flow rates 
correspond to a residence time of ~0.3 ms, which 
confirmed the feasibility for submillisecond-scale 
reaction control for a respectable range of flow 
rates. 

With the simulation results in hand, we care- 
fully considered the choice of material for fab- 
rication of the device. Our prior experience with 
polymer-based microfluidic chips pointed us to a 
fluoroethylene propylene-polyimide film hybrid, 
which offers outstanding physical toughness at 
high pressure and low temperature as well as 
chemical inertness (18-20). Figure 1 showcases 
the device we developed, which is a polymer- 
based chip microreactor (CMR) with 3D serpen- 
tine microchannel design (MS-5). 

We fabricated the device in one step by ther- 
mally bonding six stacked polyimide films, each 
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Fig. 1. Chip microreactor (CMR) 
fabricated with six layers of 
polyimide films. (A) Conceptual 
scheme for fabricating 3D ser- 
pentine microchannel structure 
by lamination of the patterned 
films and one-step thermal 
bonding. (B) Detailed scheme 


for a nanoliter reaction space of 
rectangular 3D serpentine chan- 
nels (200 um x 125 um x 1 mm) 
with three inlets. (C) Optical 
image of the semitransparent 
CMR showing the nanoliter 
reaction space with three inlets 
and one outlet (top view; scale 
bar, 500 um). (D) Optical image 
of CMR module (4.5 cm x 3.5 cm, 
thickness 0.7 mm). (E) Optical 
image of CMR assembly with 
metal holders to connect tubes. 


6 MAY 2016 * VOL 352 ISSUE 6286 691 


Downloaded from http://science.sciencemag.org/ on May 5, 2016 


RESEARCH | REPORTS 


of which was patterned by ultraviolet laser ab- 
lation as previously reported (18-20). The internal 
volume for the reaction space, 25 nl, is provided 
by the rectangular serpentine channels (width 
200 um, height 125 um, length 1 mm) within the 
dotted circle in Fig. 1B, as designed with the help 
of the simulation study (Fig. 1 and supplemen- 
tary materials). We confirmed that the CMR re- 
mained chemically inert toward organolithium 
reagents and also robust to several hours of ex- 
posure to liquid nitrogen temperature and ap- 
plied pressures of 16.2 MPa, as thoroughly verified 
in the previous reports (19, 20). 

To demonstrate the chemoselectivity attaina- 
ble using the CMR, we explored the anionic Fries 
rearrangement (2/7, 22), a well-known reaction 
that is often applied to total synthesis of natural 
products in organic synthesis (23). For example, 
ortho-lithiated O-aryl carbamates undergo facile 
intramolecular carbamoyl migration to give a 
constitutionally isomeric o-lithiated salicylamide 
as the temperature is raised from -78°C to room 
temperature. We began our investigation by con- 
ducting the reaction using o-iodophenyl diethyl- 
carbamate (1) as a precursor (Fig. 2A). The 
iodine-lithium exchange of 1 followed by reac- 
tion of the resulting aryllithium intermediate 2a’ 
and/or rearranged 3a’ with methyl chloroform- 
ate as an electrophile was conducted at 25°C in 
two types of microfluidic devices: (i) a stainless 
steel modular microreactor (MMR) consisting of 
two T-shaped micromixers and microtube reac- 
tors having a circular cross-sectional channel 
(inner diameter 250 um to 1000 pm; see sup- 
plementary materials) that is typically used for 
flash chemistry (JO-12), and (ii) the polyimide- 
based CMR. Compound 2a is produced from 
aryllithium intermediate 2a’, whereas compound 
8a is from rearranged intermediate 3a’. 

We sought to achieve high chemoselectivity 
between the two isomeric products. The flow 
reaction using the MMR-1 microfluidic device 
(internal volume of R1, 79 ul) with residence time 
in R1 of 628 ms produced only 3a delivering a 
91% yield (Fig. 2A, entry 1); 2a derived from 
unrearranged 2a’ was not detected at all. Uni- 
molecular Fries rearrangement of 2a’ to 3a’ was 
evidently complete prior to the bimolecular trap- 
ping reaction with methyl chloroformate. When 
the internal volume of the microreactors was 
decreased from 39 ul (MMR-2) to 0.49 ul (MMR-6), 
the yield of 2a increased with the corresponding 
decrease in the residence time. However, a small 
amount of 3a was still produced even with the 
shortest residence time provided by MMB-6 (Fig. 
2A, entry 6). In contrast, only 2a was produced, 
with no detected 3a, when the reaction was con- 
ducted in the CMR, where residence time was 
0.33 ms for the reaction volume of 25 nl and a 
total flow rate of 4.5 ml/min, delivering a 74% 
yield (Fig. 2A, entry 7). This indicates that, by 
virtue of the superior mixing and residence time 
control of the CMR, the bimolecular reaction to 
generate 2a’ and the subsequent bimolecular 
trapping reaction with methyl chloroformate were 
successfully accomplished before the unimolecular 
Fries rearrangement could occur. The portion of 


692 6 MAY 2016 + VOL 352 ISSUE 6286 


the starting compound 1 remaining unreacted was 
25% because of the mixing efficiency of ~80%, 
which is in good agreement with the simulation 
result (see supplementary materials). For a better 
yield, the number of equivalents of PhLi was in- 
creased from 1.05 to 1.2, which raised the yield 
of 2a to 91% without any contamination from 
isomeric 3a (Fig. 2A, entry 8), achieving >99% 
selectivity. 

Similar chemoselectivity was attained for Fries 
rearrangements with various electrophiles such 
as methyl chloroformate, 4-nitrobenzoyl chloride, 
chlorotributylstannane, phenyl] isocyanate, and 
acetyl chloride. The products derived from the 
unrearranged intermediate and the rearranged 
intermediate were selectively obtained at will 


Fs Fries rearrangement 
ou o ote) 
PhLi 

O° ~NEt, : 


I = 


CICO,Me 


in various devices 


using a suitable device under the optimized con- 
ditions (Fig. 2B). With the CMR, 2a to 2d derived 
from the unrearranged intermediate 2a’ were 
produced in good yields without any detectable 
formation of isomeric by-products by gas chro- 
matography and nuclear magnetic resonance 
(NMR) spectroscopy, whereas 3a to 3d derived 
from the rearranged intermediate 3a’ were se- 
lectively obtained using MMR-1. 

Much more challenging to outpace than the 
migration of the carbamoyl groups is the anionic 
Fries rearrangement of esters involving acyl 
group migration, because of the stronger reac- 
tivity of the acyl group relative to the carbamoyl 
group and thus the much faster nature of the 
reaction. We next explored these reactions using 


Et,N fe) 
R1 R2 4 
. OMe NEt, 


1 2a 3a 
entry microfluidic inner volume residence time yield of 2a yield of 3a 

device of R1 (uL) in R1 (ms) (%) (%) 

1 MMR-1 79 628 0 91 

2 MMR-2 39 377 20 74 

3 MMR-3 27 220 45 51 

4 MMR-4 7 55 73 21 

5 MMR-5 2 14 79 15 

Fe ns ON eee Le aes: Ce: Seeeee 
ha CMR 0.025 0.33 74 
st CMR 0.025 0.33 91 0 


For each entry number, data are reported as 1H NMR yield. See supplementary materials for 
experimental details. *25% of unreacted compound 1 remained. 1.2 equiv of PhLi were used. 


L ie) 
) PhLi (1.2 equiv) 3k 1) PhLi (1.05 equiv) ue 
0. _ ome ms Oo” NEt, 628 ms Oe 
B | oo 
bP 5) E: elsciraphil E: electrophile 2) E: electrophile nee 
CMR device 4 MMR-1 device 3 
uae aided rearranged 
° ° fo) 
EtN~ ~O Oo EtN~ ~O O ies? 6 fe) ios: fe) 
Sy ~oMe | S | = cy ON co 
NZ NZ ZA NO, 
2a, 86% 2b, 71% i 3a, 89% 3b, 87% 
fe) fe) ' fe) 
at oa f 
Et,N~ ~O EtN~ ~O O 1@) OH O e “Oo O 
SnB 
Sy ones l S N ' NEt, NEt, 
ZA ZA Hl 
2c, 82% 2d, 83% ' 3c, 83% 3d, 85% 
For each compound, isolated yields with >99% isomeric purities are reported. Methyl chloroformate (for 2a, 3a), 


4-nitrobenzoyl chloride (for 2b, 3b), chlorotributylstannane (for 2c, 3c), phenyl isocyanate (for 2d), and acetyl 


chloride (for 3d) were used as electrophiles. 


Fig. 2. Control of anionic Fries rearrangement reactions of carbamates. (A) Effect of residence time 
on the product selectivity. (B) Exceptional chemoselectivity for anionic Fries rearrangements with various 


electrophiles. 
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various microfluidic devices (MMBR-1 to -6 and 
CMR) in the range of reaction times from 628 ms 
to 0.33 ms (Fig. 3). The strong reactivity of the 
acyl group required lowering of the reaction 
temperature to -70°C. Even at this low temper- 
ature, a total flow rate of 4.5 ml/min could still be 
maintained, demonstrating the CMR’s capability 
to withstand high pressure up to 160 bar (79, 20). 

Figure 3 shows that the yield of 5a derived 
from the unrearranged intermediate increased 


pi 1) PhLi (1.05 equiv) 
2) BugSnCl (1.5 equiv) 


ne 


in various devices 


104 10%5 10% 1075 102 


with decreasing reaction time, but an acceptable 
yield was not attained until the reaction time 
was reduced to 4 ms, presumably because of both 
rearrangement and decomposition of the inter- 
mediate. The selectivity diminished for residence 
times longer than 4 ms (table S5). However, the 
use of CMR gave rise to the formation of the 
desired product 5a in 86% yield with no detect- 
able isomeric by-products derived from acyl mi- 
gration. The extremely short residence (0.33 ms) 
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Fig. 3. Effect of residence time on the yield of the product derived from the unrearranged 
intermediate versus the anionic Fries rearrangement of an ester. 
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Fig. 4. Control of anionic Fries rearrangement of esters via a submillisecond-controlled CMR 
device. (A) Reaction of unrearranged intermediates with various electrophiles. Isolated yields are reported 
unless otherwise indicated. (B) Straightforward synthesis of the anthelmintic compound afesal. 
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achieved by CMR is responsible for the selective 
formation of 5a, avoiding the rearrangement 
and decomposition. For a comparison, the reac- 
tion was conducted in a conventional flask. A 
solution of PhLi was added to a solution of 2- 
iodophenyl benzoate (4a) at -70°C, and then chlo- 
rotributylstannane was added to the resulting 
solution within 1 s. The reaction gave the acyl- 
migrated product in poor yield (12%) with no 
desired 5a. A substantial quantity of by-products 
was confirmed by ‘H NMR and gas chromatog- 
raphy, as expected. Furthermore, using the CMR 
at a residence time of 0.33 ms, the aryl compounds 
bearing benzoyl, pentanoyl, and acetyl groups 
(4) reacted with various electrophiles to give the 
desired products in good yields (Fig. 4A). Even in 
the case of an aryl iodide bearing a sterically 
small acetyl group, the desired products (5i 
and 5j) were successfully obtained in moderate 
yields without isomeric by-products from the 
acyl migration. 

The 25-nl reactor volume of the CMR may give 
the impression that the throughput must be very 
small. To demonstrate the suitability of the CMR 
for practical production of specialty chemicals 
such as drugs, we applied it to the production 
of a biologically active compound having anthel- 
mintic activity, 2-(acetyloxy)-5-chloro-N-(2-chloro- 
nitrophenyl)-benzamide (afesal) (24), which was 
successfully synthesized (Fig. 4B). The sequential 
bimolecular reactions, including I-Li exchange 
of 4-chloro-2-iodophenyl acetate (6) to generate 
the corresponding aryllithium intermediate and 
its trapping reaction with 2-chloro-1-isocyanato-4- 
nitrobenzene, produced afesal in 67% isolated 
yield. Although the O-acetyl functional group has 
been reported to be incompatible with organo- 
lithium reactions, the O-acetyl function was tol- 
erated on the submillisecond time scale of the 
CMR device to provide a straightforward syn- 
thetic route for afesal. The rapid continuous- 
flow nature of the CMR delivered a throughput 
of 5.3 g/hour. Thus, stacking multiple small and 
portable CMR systems, which individually fit in 
one hand, has great potential for scalable indus- 
trial chemical synthesis. 
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GEOMORPHOLOGY 


Self-organization of river channels as 
a critical filter on climate signals 


Colin B. Phillips’* and Douglas J. Jerolmack” 


Spatial and temporal variations in rainfall are hypothesized to influence landscape evolution 
through erosion and sediment transport by rivers. However, determining the relation between 
rainfall and river dynamics requires a greater understanding of the feedbacks between flooding 
and a river’s capacity to transport sediment. We analyzed channel geometry and stream-flow 
records from 186 coarse-grained rivers across the United States. We found that channels adjust 
their shape so that floods slightly exceed the critical shear velocity needed to transport bed 
sediment, independently of climatic, tectonic, and bedrock controls. The distribution of 

fluid shear velocity associated with floods is universal, indicating that self-organization of 
near-critical channels filters the climate signal evident in discharge. This effect blunts the 
impact of extreme rainfall events on landscape evolution. 


nderstanding the control of climate on the 

geometry and erosion rate of rivers is es- 

sential for reconstructing the geologic his- 

tory of landscapes and for predicting the 

response of rivers to human-accelerated 
climate change. A natural assumption is to link 
river erosion to climate through precipitation 
(1-3), yet demonstrating a clear relation is unex- 
pectedly challenging (4-7). One reason is that bed- 
rock river incision occurs primarily by abrasion 
due to the collision of particles with the stream 
bed (8) and “plucking” of loose blocks (2), and 
therefore it depends on sediment supply as well 
as precipitation. Another reason is that bedrock 
channel geometry both influences and adjusts to 
incision rate (4, 9-11). The effects of climatic varia- 
bility (1-13) and bedrock channel geometry (9, 10) 
on river incision rates have been explored primar- 
ily with numerical models, but empirical observa- 
tions remain limited. 

In contrast to the case of bedrock systems, our 
understanding of the geometry of alluvial rivers 
(channels whose bed and banks are composed of 
mobile sediment) is built upon two empirically 
vetted theoretical principles. The first is “geomor- 
phic work,” in which the wide range of flows 
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generated by climate—defined here as the magni- 
tude, frequency, and phase of precipitation—is 
represented by a characteristic flood (14). This 
“pankfull” flood is the event whose frequency 
and magnitude combine to move the most sed- 
iment in the long-time limit, and it dictates 
channel size (Fig. 1). The second principle applies 
to gravel-bed rivers (median bed particle diam- 
eter, D = 10 mm), where sediment moves pre- 
dominantly as bed load. Gravel-bed rivers adjust 
their geometry so that the width-averaged fluid 


A Q>> Qpr 


ee 
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4 Q=Qp; 


il 
h=hp 


shear velocity (U:, meters per second) slightly 
exceeds the critical value (U:,) at bankfull con- 
ditions. This is called the near-threshold chan- 
nel, for which data and theory indicate that 
U:/U«. = 1.1 (Fig. 1) (15, 16). Some studies, how- 
ever, suggest that this treatment ignores details 
of climatic variability that may exert a substan- 
tial influence on landscape evolution (J, 17, 18). 
Observations reveal that the statistical distribu- 
tions of discharge in many rivers possess a power- 
law tail (12, 13, 19), whose exponent changes 
with climatic setting (77). These observations 
have been interpreted to mean that channel 
shape may be controlled by climate and, for 
rivers with sufficiently heavy-tailed (log-log slope < 
-2) discharge distributions, that the rate of sed- 
iment transport could be dominated by extreme 
events due to climatic variability (77), which 
prevents rivers from achieving an equilibrium 
geometry over geologic timescales (J, 3). Under- 
standing the role of rivers in landscape evolution 
requires reconciling the proposed importance of 
climatic variability on channel form and dynam- 
ics with the apparent equilibrium behavior im- 
plied by near-universal hydraulic geometry scaling 
relations (15, 20, 21). 

Climatic effects on river dynamics are typically 
characterized by discharge (Q, cubic meters per 
second), which is strongly related to precipitation 
(22), and erosion is often modeled using stream 
power (the product of discharge and slope, S). 
Bed-load motion, however, is driven by applied 
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Fig. 1. Definition sketches. (A) Channel cross section illustrating adjustment to near-threshold bed-load 
transport; red regions are above the threshold of motion. The top panel shows flow exceeding bankfull 
conditions that induces transport on the banks, resulting in erosion and widening of the channel, which 
returns the system to near-threshold conditions (bottom). U*,, was computed from channel surveys of S 
and hp. (B) Definition sketch of a flood, with relevant parameters shown. The gray shaded area (from the 
starting time t, to the finishing time ts) represents the part of a flood that is included in the integral for 


potential transport, which is calculated as T = Jf! (U? - U2,)*/*dt/(gD%) for Us = Use (26). 
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Fig. 2. The Mameyes River case study. (A) Lidar map of the Mameyes River catchment (red outline). 
The blue diamond shows the location of the USGS stream gage, and the red and green circles indicate the 
locations of the alluvial and the steep bedrock-alluvial tributary tracer studies, respectively. Flow is from 
south to north along the blue trace of the river. (B) Representative hydrograph from 2003 of discharge 
(blue) and shear velocity (red), measured every 15 min and normalized by the threshold of motion. The 
inset shows a single storm event. (C) Magnitude-frequency distribution of discharge (blue line, shown next 
to a slope of —2 for comparison) and of shear velocity (red line, shown next to an exponential function for 
comparison), indicating heavy-tail and thin-tail behavior, respectively (CDF, cumulative distribution func- 
tion). A log-log slope shallower than —2 indicates infinite variance, meaning that a characteristic discharge 
cannot be obtained. (D) Magnitude-frequency distribution (semi-log scale) of U« (blue line), which is well 
described by an exponential function for flows in excess of Ux,. The red diamond and blue circle represent 
bankfull shear velocity (U»p-) and the average flood (f(U» = Us<)), respectively. The inset shows a PDF of In(7). 
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fluid momentum represented by the shear veloc- 
ity, U« = \/ghS, where g is gravity and h (in meters) 
is the width-averaged flow depth (Fig. 1B). For 
within-channel flows, shear velocity scales only 
weakly with discharge (Us ~ hY? ~ QY®) (15), and 
the relation is even weaker when flows exceed 
bankfull conditions and increases in Q contribute 
primarily to overbank flooding (20). We propose a 
set of parameters to examine the relations among 
hydrology, channel geometry, and bed-load trans- 
port for both bedrock and alluvial rivers, using a 
common framework: (i) the bankfull shear velocity, 
Upy¢ (Fig. 1A); (ii) the distribution of floods, KU: = 
U:,), characterized by the frequency-magnitude 
distribution of flows exceeding critical condi- 
tions (Fig. 2D); and (iii) the potential transport 
volume per unit width of bed load during a 
flood, T (Fig. 1B) (23). For bedrock-influenced 
rivers, the actual transport rate depends on 
the degree of alluvial cover and will be less 
than T, but T should nevertheless characterize 
the relative magnitude of different floods. We hy- 
pothesize that alluvial and bedrock-influenced 
gravel-bedded streams are near-threshold chan- 
nels, and we predict that U=,)/U+. = 1.1 (15, 16) 
and that peak sediment transport (7) occurs as 
a result of intermediate floods, not the largest 
floods (14). 

We undertook a study of the Mameyes River in 
the Luquillo Critical Zone Observatory in north- 
eastern Puerto Rico (Fig. 2A), which is subject to 
frequent large flash floods (23) due to orographic 
storms and hurricanes (24). We used tracer cobbles 
placed in a steep mixed bedrock-alluvial tributary 
(S = 1.2 x 101, D = 120 mm) and a lower-gradient 
alluvial reach (S = 7.8 x 1073, D = 110 mm) to 
estimate U-, for each site and to demonstrate that 
bed-load transport is proportional to T (25, 26). 
Discharge records for the alluvial reach (Fig. 2A) 
show heavy-tailed (nonconvergent) scaling (Fig. 2C) 
(27). The data for the mixed bedrock-alluvial 
tributary are of insufficient duration for similar 


C 


Fig. 3. Gaging stations used in this study. (A) Map of the continental United States and Puerto Rico (inset) with the locations of alluvial and bedrock- 
influenced stream gages used in this study (26), indicating where U., was measured or estimated. The easternmost gaging station in the map of Puerto Rico is the 
Mameyes River. (B) Halfmoon Creek (S = 0.0084, D = 50 mm), an alluvial-gravel river in the Colorado Rocky Mountains. (C) Bear Creek (S = 0.021, D = 152 mm), a 
bedrock-influenced river in Maryland. (D) Umpqua River (S = 0.00067, D = 51 mm), which drains a tectonically active region in the Oregon coastal and Cascade 
mountains. (E) Alluvial portion of the Mameyes River (S = 0.013, D = 152 mm). [Photo credits: D. N. Bradley (B), S. M. Baker and USGS (C), J. E. O'Connor (D)] 
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statistical analysis. Recorded peak discharges 
during flash floods can be up to 20 times the 
discharge associated with critical conditions (Q, = 
22 m? s~') (Fig. 2B). Although the threshold of 
motion is often exceeded more than 20 times per 
year (28, 29), the associated shear velocity values 
for recorded floods are restricted to the range U:, 
< Us < 2U:, (Fig. 2B). Even the largest floods are 
near-threshold. 

The frequency-magnitude scaling of U» con- 
verges to an exponential function for above-critical 
values (Fig. 2D), and we computed (f(U = U:,))/ 
Us, = 0.38 m s'/0.35 ms = 1.1 (23), where the 
angle brackets denote the ensemble average val- 
ue. The estimate for the channel-forming flood 
[(f(U« = Us.) = 0.38 m sis close to the bankfull 
shear velocity (U¢ = 0.40 m s~’) determined in- 
dependently from morphologic surveys (24) of 
the channel (Fig. 1A); both are in agreement with 
near-threshold channel theory (15). As U: ap- 
proaches the maximum value, the tail decays faster 
than exponentially, indicating undersampling of 
the largest events (27, 28). The probability density 
function (PDF) of T (Fig. 2D) possesses a peak, 
indicating the existence of a characteristic and 
moderate flood that transports the most sediment. 
Having shown that the hydrologic record of the 
mixed alluvial-bedrock Mameyes River displays 


A10° 


near-critical behavior, we used measurements of 
channel geometry, slope, and grain size (fig. S1, A 
to E) (23) collected across bedrock and alluvial areas 
to test the generality of this result for the length of 
the river. Our calculations reveal that the ratio 
U-p_/U. has no trend with downstream distance 
((Up4/U,) = 1.3), despite substantial downstream 
decreases in channel slope and bedrock influence 
(fig. SIG), and indicates near-threshold transport 
throughout. Thus, an extreme distribution of dis- 
charge is not sufficient evidence to demonstrate 
control by infrequent, large flood events. The river's 
ability to adjust its width, depth, and grain size to 
near-critical conditions appears to decouple the 
distribution of U: from the distribution of discharge 
imposed by climate. This critical filter confirms 
model predictions (30, 32) that threshold sediment- 
transporting systems can shred external environ- 
mental signals. 

We examined a wide range of gravel-bedded 
alluvial and bedrock-influenced streams located 
near U.S. Geological Survey (USGS) gages (23) 
across the United States (Fig. 3) to test the gen- 
erality of the critical filter. The distributions of 
discharge [XQ = Q.)] vary widely among the rivers 
examined (Fig. 4A), as expected from previous 
research that indicates that this is predominantly 
an effect of spatial variation in climate (fig. S4) 
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Fig. 4. Demonstration of the critical filter 
for all rivers examined. (A) Discharge magnitude- 
frequency distributions for all rivers (n = 185) 
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show high variability; normalization by the mean 
excess discharge does not collapse the data (fig. 
S4) (26). Critical discharge is shown by the vertical 
dashed black line. Three rivers that are represent- 
ative of heavy-tailed, intermediate-tailed, and thin- 
tailed distributions are shown in green, orange, 
and purple, respectively; all other rivers are shown 
in gray. The slope of —12 represents the steepest 
observed slope in the discharge data. (B) Magnitude- 
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frequency distribution for U«/(f(U« = Ux,)) for all stream gages, with same colors as (A); normalization by 
the mean reasonably collapses the data onto a single curve. The mean is indicated by the bold blue line. The 
inset shows the data on a semi-log plot, with light blue indicating +1 SD. The dashed red line is an 
exponential fit to the mean for values of U» greater than U+, (dashed vertical black line). The tail decays 
faster than exponentially, indicating undersampling of the largest events (27, 28). (C) Relation between 
(f(Ux = Ux.)) and Uxps, determined from independent surveys. The relation is strongest for rivers in which 
Ux, was measured. The inset shows the averaged distribution of T from all rivers, with light blue indicating 
the first and third quartiles (each river was standardized by using its mean p and SD o) (fig. S6). The peak 
indicates that moderate floods, and not extreme events, have sculpted the channels (fig. S7) (26). 
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(12, 17, 23). In contrast, we can describe f(U. = 
U:.) with a global exponential function (Fig. 4B) 
(23). The average value for all streams is in agree- 
ment with near-threshold channel theory (/5). Our 
data show that this characteristic flood magnitude 
is about equal to the morphologic Us. (Fig. 4C) 
(23), verifying the adjustment of both bedrock- 
influenced and alluvial rivers to the same near- 
critical conditions. The agreement is best for field 
sites where U:, has been locally determined from 
observations (23), suggesting that much of the 
scatter in Fig. 4C is due to the notorious problem 
of estimation errors in determining the thresh- 
old of motion (26). We found a peak in T for all 
rivers that corresponds to moderate floods (Fig. 
4C, inset), providing additional evidence that 
extreme events do not dominate channel form 
(fig. S7). 

The rivers that we examined act as a filter, con- 
verting the wide range of climatically driven 
discharge distributions into a universal distribu- 
tion of excess shear velocity. Flows greatly ex- 
ceeding critical conditions cannot occur for long 
without leading to bank erosion, channel widening, 
and the restoration of flow conditions to near- 
critical (Fig. 1). This filtering is a logical consequence 
of the self-organization of rivers to a near-threshold 
channel geometry. We extend this reasoning beyond 
alluvial gravel-bedded rivers to bedrock-influenced 
rivers. The apparent generality of the critical filter 
calls into question the proposed links between ex- 
treme precipitation events, climate variability, and 
long-term river incision (J, 3, 17). Although large 
floods occur, they do not appear to control channel 
geometry for the rivers that we studied. An im- 
portant caveat, however, is that we lack data for 
the steepest-slope rivers, where stream gages are 
rare, and for rapidly uplifting landscapes, where 
steep-walled gorges may violate our reported rela- 
tions. The time scale of channel adjustment to 
external forcing is an important parameter, because 
this represents the time necessary to decouple 
AU: = U:,) from discharge. Our results suggest that 
channel geometry has adjusted to the current 
hydrologic regime in almost all the rivers that we 
examined, even though some of these are influ- 
enced by bedrock. How, and for how long, this 
adjustment plays out is not well understood. Other 
studies have shown that alluvial (29) and bedrock 
(32) channels may respond to hydrologic perturba- 
tions on decadal time scales. Laboratory experiments 
(33, 34) have demonstrated that coarse-grained 
bedrock channels may ultimately evolve their geo- 
metry and slope toward near-threshold transport 
conditions under an imposed sediment load. Al- 
though adjustments in the slope of natural rivers 
may take centuries to millions of years (9, 35), our 
analysis indicates that channel geometry adjusts 
rapidly to accommodate bed-load transport under 
an imposed slope and grain size. Another possi- 
bility is that rivers with more resistant banks may 
sort sediment rapidly under an imposed channel 
geometry, so that the grain sizes remaining on 
the channel bottom are near-threshold for the 
bankfull flood. Both mechanisms of adjustment 
may be present within a single catchment (32). We 
suggest that landscape evolution models could 
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implement a channel closure scheme by assuming 
U-y¢/U«, = 1.1. In addition, a fixed-magnitude flood 
event with an intermittency factor (36) may be 
adequate for modeling the influence of climate 
on erosion over long time scales. Our results lend 
support to empirical studies that found that mod- 
est transport events perform the bulk of incision 
in bedrock-influenced rivers (37, 38). 

The critical filter that we have described here 
eliminates a substantial portion of the spectrum 
of environmental forcing, helping to explain how 
landscape patterns such as rivers remain stable in 
the face of highly stochastic driving. Channel ad- 
justment decouples the sediment transport rate 
within a river from climatic influence. The delivery 
and removal of coarse sediment may determine 
the speed limit for river incision and landscape 
evolution (8), because bed-load transport remains 
near-threshold regardless of climate in bedrock- 
influenced and alluvial rivers. 
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POLYMER GROWTH 


Uniform patchy and hollow 
rectangular platelet micelles 
from crystallizable polymer blends 


Huibin Qiu,’*} Yang Gao,’* Charlotte E. Boott,’t Oliver E. C. Gould,'t 
Robert L. Harniman,’} Mervyn J. Miles,” Stephen E. D. Webb,” 


Mitchell A. Winnik,* Ian Manners’§ 


The preparation of colloidally stable, self-assembled materials with tailorable solid or 
hollow two-dimensional (2D) structures represents a major challenge. We describe 

the formation of uniform, monodisperse rectangular platelet micelles of controlled size by 
means of seeded-growth methods that involve the addition of blends of crystalline-coil 
block copolymers and the corresponding crystalline homopolymer to cylindrical micelle 
seeds. Sequential addition of different blends yields solid platelet block comicelles 

with concentric rectangular patches with distinct coronal chemistries. These complex 
nano-objects can be subject to spatially selective processing that allows their disassembly 
to form perforated platelets, such as well-defined hollow rectangular rings. The solid 

and hollow 2D micelles provide a tunable platform for further functionalization and 


potential for a variety of applications. 


anoscale two-dimensional (2D) materials, 
typified by graphene and metal chalcogen- 
ide or clay nanosheets, are of broad utility. 
In principle, the solution self-assembly of 
block copolymers (BCPs) provides a con- 
venient route to analogous planar nanostruc- 
tures derived from soft matter (J, 2). However, 
the formation of 2D platelet micelles is generally 
uncommon relative to other morphologies (3, 4). 
Moreover, although considerable control has re- 
cently been achieved over the structures of 1D 
BCP micelles—in which fibers of tunable length 
and low dispersity (5, 6) with periodic patches 
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(7, 8), block architectures (9), and amphiphilic- 
ity (JO) are now accessible—progress with 2D 
assemblies is much more limited. Thus, the prep- 
aration of solid and hollow colloidally stable 2D 
micelles with similar fidelity and complexity re- 
mains a key challenge. 

Self-assembly of BCPs with amorphous core- 
forming blocks in selective solvents provides a 
route to a diverse array of core-shell nanoparticles 
(micelles) with equilibrium or nonequilibrium 
morphologies of widespread utility (3, 4). The 
most common morphologies formed are spheres, 
cylinders, and vesicles, and colloidal stability is 
provided by the presence of the solvent-swollen 
corona-forming block. The co-assembly or “blend- 
ing” of different BCPs has recently been shown to 
provide a useful route to targeted conventional 
morphologies and also more complex nano- 
structures, such as disk-sphere or disk-cylinder 
hybrid micelles (71, 72). As a result of their pref- 
erence for the formation of rigid assemblies char- 
acterized by a core-corona interface with low 
mean curvature, BCPs with crystallizable core- 
forming blocks offer a promising route to planar 
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micellar architectures (platelets) containing a core 
analogous to the well-studied but colloidally un- 
stable 2D lamellar single crystals formed by the 
solution crystallization of homopolymers (2, 13). 
Although platelet BCP micelles offer much prom- 
ise as functional, colloidally stable 2D nano- 
objects, synthetic approaches that allow access 
to low dispersities, dimensional control, and spa- 
tial control of functionality are limited. Recent 
advances include the formation of platelets from 
end-functionalized, crystallizable linear polymers 
(14, 15) or hyperbranched analogs (J6), which 
permits programmed nanoparticle attachment 
and patterning, and the creation of 2D assem- 
blies from homopolymer crystals consisting of 
alternate rings of BCP and homopolymer (7, 18). 

Lenticular platelet micelles can be formed via 
the growth of platelet-forming BCPs with a crys- 
tallizable poly(ferrocenyldimethylsilane) (PFS) core- 
forming block and a relatively short complementary 
corona-forming block (core:corona block ratio > 
1:1) upon addition to a solution containing cylin- 
drical micelle seeds (79). Quantitative experiments 
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demonstrated that the area of the resulting len- 
ticular platelet micelles showed a linear depen- 
dence on the unimer-to-seed ratio. The living 
nature of this crystallization-driven self-assembly 
(CDSA) process enabled the preparation of con- 
centric lenticular platelet block comicelles with 
spatially segregated coronas through the sequen- 
tial addition of PFS BCPs with different corona 
functionalities. However, the platelet formation 
was governed by a growth mechanism that gave 
the micelles a lenticular shape with irregular edges 
rather than a well-defined rectangular morphol- 
ogy (19). Moreover, as a direct result of the short 
coronal chain lengths for the BCPs used, the 
resulting platelets possess a low propensity for 
further processing. For example, poor colloidal 
stability above a size of ~1 um leads to aggrega- 
tion, and effective corona cross-linking (20) has 
not been possible. 

In order to resolve these issues, we have ex- 
plored the analogous seeded growth of blends of 
PFS BCPs possessing much longer solubilizing 
corona-forming blocks together with the corre- 
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Fig. 1. Rectangular platelet micelles by living CDSA of PFS3.¢-b-P2VPs02/PFS20 blends. Low- 
dispersity rectangular platelet micelles can be formed by living CDSA of the PFS36-b-P2VPs02/PFS20 
blends initiated by the cylindrical micelle seeds of PFS2g-b-PDMSs¢o in a mixture of hexane and iPrOH. 
(A) Schematic diagram illustrating this process. (B) TEM images and AFM height images and profiles of 
a representative sample of the rectangular platelet micelles formed by the addition of a mixture of the 
PFS36-b-P2VPs02 and PFS29 unimers (1:1 mass ratio) in a small amount of THF to a solution of the 
PFS28-b-PDMSs¢o cylindrical micelle seeds (L, = 590 nm) in a mixture of hexane and iPrOH (1:3, v/v) at 
45°C. (C) Analogous images for perforated rectangular platelets formed after cross-linking the P2VP 
coronas via coordination of the pyridyl groups on P2VP to small Pt nanoparticles and subsequent 
redispersal in THF so as to remove the PFS2g-b-PDMSs¢o cylindrical micelle seeds. 
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sponding crystalline PFS homopolymer. We studied 
the seeded growth of the blends of PFS-b-PDMS 
with a long corona-forming PDMS block (PDMS, 
polydimethylsiloxane) and PFS homopolymer in 
which the degrees of polymerization for the PFS 
block and homopolymer were relatively large (fig. 
S1A). Nonpolar hexane was chosen as a selective 
solvent for the hydrophobic PDMS block but also 
as an only moderately poor solvent for PFS, which 
would therefore be expected to prevent the rapid 
precipitation of the PFS homopolymer. A mixture 
of PFS49-b-PDMS;, (core:corona block ratio ~1:10; 
the subscripts refer to the number-average degree 
of polymerization) and PFS, unimers in tetrahy- 
drofuran (THF) was added to colloidal solutions of 
the PFS2s-b-PDMS:;¢0 cylindrical micelle seeds 
[number-average length (Z,) = 50 nm - 5.00 um; 
number-average core width (W,) = 13 nm, by 
means of transmission electron microscopy (TEM)]. 
This led to growth only from the seed termini to 
yield dumbbell-like micelles with a cylindrical 
central segment derived from the original seed 
and two platelet-like or platelet-cylinder-like end 
segments arising from the blends for the cases of 
the 1:1 and 10:1 BCP:homopolymer mass ratios 
(mole ratio ~1:5 and ~2:1), respectively (fig. S2). 
In contrast, the use of blends with significantly 
shorter PFS blocks led to rectangular platelets that 
result from substantial growth from the seeds in 
both the terminal and lateral directions (figs. S3 
and S4). Thus, when blends of PFS..-b-PDMSs¢ 
(block ratio 1:20) and PFS,9 (1:1 mass ratio, mole 
ratio ~1:10) were added to the cylindrical PFS2¢- 
b-PDMSs60 seeds, high-aspect ratio ribbon-like 
platelet micelles were formed with uniform but 
broadened PFS cores (W,, = ~50 nm versus 13 nm 
in the seed) (fig. S3). Moreover, the resulting mi- 
celles were of uniform size (A,/A, = 1.02 - 1.08; 
A,, and A, are weight- and number-average area, 
respectively) and showed a linear dependence of 
area on the unimer-to-seed ratio consistent with a 
living CDSA process (fig. S3E). 

To expand the generality of our approach to 
rectangular platelets that are dispersible in 
hydrophilic media, we also explored the self- 
assembly of the blends derived from PFS3-b-P2VPso2 
[block ratio 1:14; P2VP, poly(2-vinylpyridine)], a 
BCP with a polar corona-forming P2VP block, 
and PFS.) homopolymer. A mixture of hexane 
and isopropanol (iPrOH) was used to overcome 
the solubility issues (0, 21), and living CDSA 
could therefore be achieved for cylindrical mi- 
celle seeds with either a hydrophobic-corona 
(derived from PFS-b-PDMS) or a polar-corona 
(from PFS-b-P2VP). With a PFS3,6-b-P2VP5o2-to- 
PFS.9 mass ratio of ~1:1 (mole ratio ~1:13) (fig. 
S85), the living CDSA by using the same cylindri- 
cal PFS5.-b-PDMS;69 seeds in 1:3 (v/v) hexane/ 
iPrOH (fig. S6) gave rise to low-dispersity platelet 
micelles (A,/A, < 1.01) with regular rectangular 
morphologies (Fig. 1). These rectangular platelets 
were formed rapidly (~5 min) (fig. S7) and were 
characterized by a dual-trapezoid sectorized tex- 
ture emanating from the central seed, with a dif- 
ferential in contrast observed with TEM and of 
height with atomic force microscopy (AFM) analy- 
ses (~18 nm for the higher, more electron-dense 
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regions versus ~12 nm for the lower regions) 
(Fig. 1B). The TEM and AFM data suggest that 
the growth process leads to a higher density of 
BCP with P2VP coronal chains lateral to the seed 
and for homopolymer in the terminal regions. 
The length, width, area, and aspect ratio of these 
platelets could be precisely controlled by the 
unimer-to-seed ratio and the length of the cy- 
lindrical micelle seeds (fig. S8). Giant rectangular 
platelets with dimensions of 60 by 10 um (fig. S9) 
could be created without any obvious defects by 
using a slow-growth process in a mixture of hex- 
ane and methanol (1:3, v/v) and nevertheless re- 
tained their high colloidal stability. We attributed 
this to the relatively high-volume fraction of the 
corona-forming block [core:corona ratio ~3:5 ver- 
sus >1:1 for the lenticular platelet-forming PFS 
BCPs used in (19)] 

To explore the location of the P2VP corona- 
forming block in the rectangular platelets, corona 
cross-linking was achieved via coordination of 
the pyridyl groups on P2VP with small (diameter 
~2 nm) platinum (Pt) nanoparticles (NPs) (22). 
After redispersal for 24 hours in THF (a good 
solvent for both PFS and P2VP), the rectangular 
platelets retained their integrity, except for a per- 
forated channel in the center that corresponded 
to the previous location of the uncross-linked 
seed (Fig. 1C and fig. S10). The dual-trapezoid 
sectorized texture became more apparent through 
TEM after corona cross-linking as a result of the 
increase in electron density contrast owing to the 
presence of Pt NPs [identified by means of energy- 
dispersive x-ray (EDX) spectroscopy] (fig. S11). 
Moreover, AFM demonstrated that relative to 
the corresponding values before cross-linking 
(Fig. 1B), the height of the central region at the 
side of the channel and also the platelet edges 
was increased by ~30 nm, compared with ~5 nm 
near the platelet ends (Fig. 1C). This is consist- 
ent with the presence of a higher density of in- 
corporated Pt NPs in the former regions owing to 
a higher concentration of P2VP corona chains. 
These results therefore also indicate that al- 
though P2VP corona chains are distributed over 
the whole rectangular platelet, their concentra- 
tion is significantly higher in the central regions 
lateral to the seed. The seeded assembly of the 
BCP-homopolymer blend to form uniform rec- 
tangular platelets therefore appears to be a co- 
operative growth process because, in the absence 
of seeds, irregular platelets or other morpholo- 
gies were formed (fig. S5). Moreover, monitoring 
of the growth process demonstrated that the 
mechanism of formation differs from that for 
lenticular platelet micelles for which only a BCP 
is added to the seed. Thus, the rectangular plate- 
lets form through simultaneous growth in both 
the terminal and lateral directions relative to 
the seed (fig. S7), whereas in the lenticular case, 
growth proceeds initially from the ends of the 
cylindrical micelle seed termini followed by a 
gradual enveloping process (19). 

The difference in micellar morphology formed 
by the seeded growth of PFS2.-b-PDMSs60/PFS20 
blends in hexane (higher aspect ratio, ribbon- 
like) and the PFS36-b-P2VP;502/PFS29 blends in 
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1:3 hexane/iPrOH (lower aspect ratio, rectangu- 
lar) indicated a substantial influence of the coro- 
nal chemistry and/or solvent composition on the 
living CDSA process. Indeed, the formation of 
rectangular platelets by the PFS36-b-P2VP92/PFS29 
blends was favored in iPrOH-dominated hexane/ 
iPrOH mixtures but not in hexane-dominated sys- 
tems (fig. S6A). For the PFS.-b-PDMS;60/PFSa9 
blends, the resulting micellar morphology changed 
from ribbon-like platelets for hexane:iPrOH > 
1:1 (v/v) to rectangular platelets at hexane:iPrOH < 
1:2 (v/v) (fig. S6B). These studies indicate that the 
use of relatively short crystallizable segments in 
the BCP/homopolymer blends and a careful choice 
of solvent composition should permit the for- 
mation of rectangular platelets from BCPs with 
a broad range of corona chemistries. 


A 


awe oS 
oe oe 


PFS.¢-b-P2VP 595 
+ PFS,, unimers 


PFS,,-b-PDMS.., 
+ PFS,, unimers 


We targeted patchy rectangular platelet multi- 
block comicelles by the seeded growth of se- 
quentially added PFS..-b-PDMS;60/PFS.9 and 
PFS36-b-P2VP502/PFS29 blends (fig. S1B). For 
example, concentric rectangular platelet triblock 
comicelles were prepared by the addition of the 
PFSo9-b-PDMSs60/PFS29 (1:1 mass ratio) blend 
unimers in THF to a solution of the rectangular 
platelets derived from the PFS4¢-b-P2VPs592/PFS.29 
blends, followed by a further addition of the PFS36- 
b-P2VP502/PFSo (1:1 mass ratio) blend unimers in 
THF after 10 min (Fig. 2A). TEM and AFM analyses 
indicated that the P2VP corona regions were 
darker (more electron-rich) and of greater height 
than the PDMS corona regions (Fig. 2B), favoring 
an easy identification of the segmented structures. 
The dimensions of the P2VP- and PDMS-corona 


Crosslinking 
———e 


Fig. 2. Patchy and hollow rectangular platelet micelles. Concentric rectangular platelet block comicelles 
can be prepared through the sequential, alternate addition of PFS36-b-P2VPs02/PFS20 and PFS2s-b- 
PDMSs¢0/PFSz9 blend unimers. (A) Schematic diagram illustrating this process. (B) TEM, AFM height, and 
AFM 3D images of triblock comicelles formed through the sequential addition of the PFS36-b-P2VPso2/ 
PFS20, PFS2g-b-PDMSs¢0/PFS20, and PFS3¢-b-P2VPs02/PFS20 blend unimers (BCP:homopolymer = 1:1 
mass ratio) to a solution of the PFS2g-b-PDMSs¢o cylindrical micelle seeds (L, = 810 nm) in a mixture of 
hexane and iPrOH (1:3, v/v) at 45°C. Because P2VP has a higher glass transition temperature (7,) and a 
larger volume repeat unit than that of PDMS, for similar degrees of polymerization the P2VP regions 
are higher in AFM height images and, because the path length is longer for electrons, darker with TEM. 
(C) TEM image of rectangular platelets after cross-linking of the P2VP coronas. (D and E) TEM and AFM 
height images of a mixture of perforated rectangular platelets and well-defined hollow rectangular rings 


formed after redispersal in THF. 
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Fig. 3. Spatially selective functionalization of rectangular platelets. The coronas of the rectangular 
platelet micelles and block comicelles can be selectively functionalized by using a series of fluorescent 
PFS BCPs or via association with nanoparticles. (A) Schematic representations and CLSM and SIM 
images of typical rectangular platelet block comicelles, with segregated regions composed of non- 
fluorescent P2VP coronas and multiple dye-functionalized fluorescent PDMS coronas. The PDMS co- 
ronas with red, green, and blue fluorescence are denoted as PDMS-R, PDMS-G, and PDMS-B, 
respectively. For the images in column 4, the rapid photobleaching of the blue dye required the use of 
low-excitation laser power and rapid scans that substantially limited resolution. (B) Schematic rep- 


resentations and TEM images of rectangular plate 


particles selectively deposited on the P2VP coronas. 


regions were precisely controllable by the amount 
of the respective blend added. 

Although self-assembled hollow structures 
such as nanotubes (23), toroids (24), dynamic 
tubules (25), and nanocapsules (26) are of in- 
tense interest, well-defined and monodisperse 
rectangular 2D structures are unknown. On the 
basis of the triblock platelet comicelle structure, 
we envisaged that cross-linking of the P2VP 
coronas followed by the addition of a good sol- 
vent for the PFS core and coronas should lead 
to disassembly in order to generate a perforated 


architecture. The P2VP coronas were once again 
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et micelles and block comicelles, with silica nano- 


heavily cross-linked via coordination with Pt 
nanoparticles (Fig. 2C) (22), and subsequent 
redispersal in THF led to the formation of a 
mixture of perforated rectangular platelets and 
well-defined hollow rectangular rings with rela- 
tively broader ends and narrower rims along 
the long axis (Fig. 2, D and E, and fig. S11). Simi- 
larly, the concentric rectangular platelet diblock 
comicelle precursors were prepared via the se- 
quential addition of the PFS..-b-PDMS;¢0/PFS20 
and PFS36-b-P2VP502/PFS29 blends in THF to a 
solution of the PFS..-b-PDMS;¢ 9 cylindrical mi- 
celle seeds, and pure ring-like structures were 


obtained after shell cross-linking and redispersal 
in THF (fig. S12). The size, aspect ratio, and rim 
thickness of the rectangular rings can be readily 
tailored by the seed length and the unimer-to- 
seed ratio applied to each unimer addition (fig. 
$12C). The excellent dimensional stability and 
sharp edges of the hollow rectangular rings are 
attributed to the high cross-linking density pres- 
ent. The living nature of this CDSA process also 
allowed the formation of more complex multi- 
block comicelles (for example, heptablock com- 
icelles) (fig. S13A) by use of further steps involving 
dissolved blends. Moreover, with the additional use 
of the PFS36-b-PnBMAz56/PFS29 [PnBMA, poly(n- 
butylmethacrylate)] blends, rectangular platelet 
block comicelles with even more complex and 
tunable segmented 2D structures were also fab- 
ricated (fig. S13B). 

The rectangular platelet micelles and block 
comicelles offer a tunable 2D platform for the 
fabrication of functional materials. For a proof- 
of-concept demonstration, we synthesized a se- 
ries of fluorescent PFS-b-PDMS BCPs—namely, 
PFSy9-b-PDMS¢50-7-Ryg), PFS29-b-{PDMS¢50-7-Gyo), 
and PFS29-b-(PDMS¢50-7-Byg)—in which the PDMS 
block was functionalized with red (R), green (G), 
and blue (B) dyes, respectively (27). Living CDSA 
of their blends with PFS.) homopolymer, togeth- 
er with the nonfluorescent PFS36-b-P2VP502/PFS20 
blends, yielded fluorescent concentric rectan- 
gular platelet block comicelles with multiple and 
variable fluorescence for the selected segments, 
as confirmed with confocal laser scanning mi- 
croscopy (CLSM) and structured illumination 
microscopy (SIM) analyses (Fig. 3A). Further 
functionalization was also feasible by using the 
spatially defined coronal chemistries. For exam- 
ple, silica nanoparticles (average diameter 70 nm) 
could be selectively deposited onto the P2VP 
coronas as a result of the hydrogen bonding (28), 
allowing the controlled patterning in the form of 
solid rectangles and/or rings (Fig. 3B). 

We demonstrate a versatile method for the 
formation of well-defined, low-dispersity rectan- 
gular platelet micelles with tunable dimensions 
based on a new conceptual approach that in- 
volves seeded growth of crystallizable polymer 
blends of BCPs and homopolymers. Multiblock 
platelet comicelles are accessible with the se- 
quential addition of different blends, and cross- 
linking/dissolution strategies allow the formation 
of well-defined hollow rectangular micelles. The 
resulting solid and hollow platelets exhibit ex- 
cellent colloidal stability, owing to the substantial 
volume fraction of coronal chains, and are suf- 
ficiently robust to be manipulated in solution, 
including with optical tweezers (fig. S14). The in- 
troduction of diverse functions can be envisaged 
by the use of various other polymers, such as 
m-conjugated materials as the crystallizable com- 
ponent (29-31), and also by means of facile cor- 
onal functionalization. Moreover, the segmented 
planar solid and hollow 2D structures open pos- 
sible avenues to customizable platforms for future 
applications in fluorescent imaging, sensing, elec- 
tronics, and catalysis and as liquid crystals, motile 
nano/micro machines, or therapeutic carriers. 
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GEOPHYSICS 


Slow slip near the trench at the 
Hikurangi subduction zone, 


New Zealand 


Laura M. Wallace,’* Spahr C. Webb,” Yoshihiro Ito,? Kimihiro Mochizuki,* 
Ryota Hino,” Stuart Henrys,® Susan Y. Schwartz,’ Anne F. Sheehan® 


The range of fault slip behaviors near the trench at subduction plate boundaries is critical 
to know, as this is where the world’s largest, most damaging tsunamis are generated. 
Our knowledge of these behaviors has remained largely incomplete, partially due to the 
challenging nature of crustal deformation measurements at offshore plate boundaries. 
Here we present detailed seafloor deformation observations made during an offshore 
slow-slip event (SSE) in September and October 2014, using a network of absolute 
pressure gauges deployed at the Hikurangi subduction margin offshore New Zealand. 
These data show the distribution of vertical seafloor deformation during the SSE and 
reveal direct evidence for SSEs occurring close to the trench (within 2 kilometers of the 
seafloor), where very low temperatures and pressures exist. 


ver the past 10 to 15 years, the increased 

availability of continuously operating Global 

Positioning System (cGPS) networks has 

revolutionized our ability to investigate spa- 

tiotemporal variations in tectonic deforma- 
tion processes. These networks have enabled the 
discovery of slow-slip events (SSEs) at many of the 
world’s subduction plate boundaries. SSEs are sim- 
ilar to earthquakes, as they involve rapid slip along 
a fault at rates faster than typical plate motion. 
However, unlike an earthquake, slip in a SSE takes 
place over weeks to years rather than seconds. The 
discovery of SSEs has revealed a much richer diver- 
sity of fault slip behavior at subduction zones than 
was originally thought to occur (7-4). In some cases, 
SSEs are observed to have a close temporal and 
spatial relation to damaging megathrust earth- 
quakes (5-9). 

To date, most detailed studies of crustal defor- 
mation in SSEs have focused on events occurring 
at 20 to 40 km depth, where they are typically ob- 
served by land-based geodetic networks (J, 2, 10-12). 
Although recent studies suggest that SSEs occur 
on the shallow portion of many offshore plate 
boundaries (<15 km depth) (13-19), detailed in- 
vestigation of deformation during these shallow 
SSEs has been hampered by a lack of suitable 
seafloor geodetic methods (20). Delineating the 
trenchward extent and spatial distribution of 
SSEs on the shallow megathrust is critical for 
understanding the range of physical conditions 
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that are conducive to slow-slip behavior. More- 
over, the unexpectedly large (>50 m) coseismic 
slip observed near the trench in the 2011 moment 
magnitude (M,,) 9.0 Tohoku-Oki earthquake and 
tsunami (2/, 22) underscores the need to compre- 
hend the spectrum of fault slip behavior occurring 
on the shallowest portion of the subduction mega- 
thrust, where tsunamigenic earthquakes occur. 

One promising tool that can be used to investi- 
gate vertical deformation of the seafloor during 
transient deformation events is the absolute pres- 
sure gauge (APG) (6, 20, 23-25). APGs can be 
deployed on the seafloor and will continuously 
record changes in pressure exerted on the seafloor 
by the overlying water column. If the seafloor rises 
vertically during a SSE, this will be recorded as a 
pressure decrease (decreasing water depth); down- 
ward movement of the seafloor will be recorded 
as a pressure increase (increasing water depth). 
APGs have documented large vertical deformation 
(tens of centimeters to meters) during volcanic 
unrest events at Axial Seamount (24). Two pre- 
vious studies have shown likely vertical deforma- 
tion due to slow slip at subduction zones offshore 
Costa Rica (25) and Japan (6), although these 
studies were based on data from only a few (two 
to four) APGs, making it impossible to define the 
spatial distribution of offshore deformation and 
slow slip. The Costa Rica study (25) shows the 
first convincing evidence for slow slip near the 
trench, based on formation and seafloor pressure- 
change data from two Integrated Ocean Drilling 
Program borehole observatories near the Mid- 
dle America Trench just after periods of tremor 
and slow slip observed at onshore cGPS sites. 
Here, we present the first-ever detailed investiga- 
tion of seafloor deformation above a shallow sub- 
duction interface SSE, using a network of APGs at 
the Hikurangi subduction zone offshore New 
Zealand (Fig. 1). 

The Pacific Plate subducts westward beneath 
the eastern North Island of New Zealand along 
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Fig. 1. Tectonic setting and HOBITSS network. (A) Tectonic setting of the northern Hikurangi margin and distribution of HOBITSS APG sites and the 
onshore continuous GPS network (www.geonet.org.nz). We used sites TXBPR1 and LOBS4 on the subducting Pacific Plate as references to remove 
oceanographic noise from the remaining network. The GPS sites we discuss in the text (GISB, MAKO, and PARI) are shown here, as are the APGs (Fig. 2). (B) 
Regional map of New Zealand. The red square indicates the location of (A). (©) East component of cGPS time series from GISB. Eastward (positive) jumps 
denote SSEs. The shaded green bar highlights the SSE from September and October 2014. 
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Fig. 2. cGPS (GISB and MAKO) and APG time series. The shaded green bar highlights the 2- to 3-week SSE that occurred in September and October 2014. 
We show APG time series in terms of pressure (Pascal) and equivalent water depth (centimeters). The values for each sensor are offset to separate each time 
series on the plot. We determined average seafloor pressure and equivalent water depth at each site for 3 months before the SSE (black lines) and 2 months 


after the SSE (gray lines). See Fig. 1 for site locatio 


the Hikurangi Trough at 3 to 6 cm per year (26). 
SSEs at the northern Hikurangi margin occur off- 
shore Gisborne, New Zealand, every 18 to 24 months 
(Fig. 1). These SSEs typically involve 1 to 3 cm of 
horizontal surface displacement at cGPS sites 
along the east coast over 1 to 2 weeks (JO, 15) and 
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are expected to cause much larger displacements 
offshore. The frequent recurrence, short duration 
(<2 to 4 weeks), and large deformation signals 
make the offshore northern Hikurangi margin 
an ideal location to test the use of APGs to discern 
deformation of the seafloor during SSEs. To this 
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end, the Hikurangi Ocean Bottom Investigation 
of Tremor and Slow Slip (HOBITSS) experiment be- 
gan in May of 2014; this experiment involved 
deployment of 24 APGs and 15 ocean bottom 
seismometers directly above the shallow north 
Hikurangi SSEs. The instruments were in place 
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Fig. 3. Summary of surface displacements and slip inversion results for the SSE that occurred in September and October 2014. (A) Horizontal (black 
arrows; CGPS) and vertical displacements (red arrows; cGPS and offshore APGs) during the SSE of September and October 2014. The scale is the same for the 
horizontal and vertical displacements (scale bar in upper left). The deformation front is the same as in Fig. 1. (B) Inversion for slow slip from onshore and 
offshore surface displacements (27). The slip distribution on the interface is represented by a color gradient (see scale) and contours (labeled in millimeters). 
The dashed lines show the depth contours (kilometers) to the subduction interface. Note the slightly simplified deformation front used for modeling purposes. 


for the duration of a large SSE that occurred 
beneath the HOBITSS network in September 
and October 2014 (Fig. 1); they were recovered 
in June 2015. 

Seafloor pressure changes from oceanographic 
signals—particularly tides and eddies—are large. 
The largest (1 to 2 m) diurnal and semidiurnal 
tidal signals are easily removed by low-pass 
filtering the data. The eddies offshore of the 
Hikurangi coast produce pressure variations 
that vary over spatial scales of roughly 100 km 
(27) and thus produce pressure signals that are 
similar over most of the HOBITTS network. This 
enables the use of sites on the subducting plate 
(where vertical deformation during SSEs will 
be negligible) as reference sites to remove the 
oceanographic noise that is common across the 
array. Long-term instrumental drift of the pres- 
sure gauges can also be substantial (typically 
several centimeters per year) (23), although the 
short duration (<2 weeks) of the North Hikur- 
angi SSEs makes instrument drift less proble- 
matic. Our processing of the APG data to remove 
oceanographic noise and instrument drift is 
relatively simple (28) and occurs in three stages: 
(i) We average the values from two reference 
sites (LOBS-4 and TXBPR-1) on the subducting 
plate and subtract this from the rest of the sites 
in the network. (ii) To remove instrument drift, 
we detrend the pressure time series using the 3- 
month period before the SSE. (iii) We apply a 
low-pass filter (2-day corner) to remove tidal and 
higher-frequency noise. Overall, we used pres- 
sure records from 13 of the 21 APG sites located 
on the upper plate to define the distribution of 
vertical deformation during the event. Five of the 
eight sites that we did not use were located in 
shallow water (ess than 85 m depth), where 
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near-coastal oceanographic signals made pres- 
sure records too noisy to reliably extract pressure 
changes due to a few centimeters of vertical de- 
formation by using only deep water reference 
sites (green dots in Fig. 1). APGs at three of the 
upper-plate sites (black dots in Fig. 1) malfunc- 
tioned before the September SSE and thus did 
not produce usable data. 

We observed a pressure decrease of 150 to 540 Pa 
(equivalent to a decrease in water depth of 1.5 to 
5.4 cm) at all of the upper-plate HOBITSS APG 
sites during the large SSE observed on nearby 
cGPS sites in late September and early October 
2014 (Fig. 2), reflecting uplift of the upper plate 


Fig. 4. Slow slip and magnetic 
anomalies. Magnetic anomalies 
(38) are shown overlain with 

the contours of the SSE from 
September and October 2014 
(gray, labeled in millimeters) 
(Fig. 3B), the outlines of 
subducted seamounts (thick 
dashed lines), and the epicenters 
(green stars) of two tsunami 
earthquakes in March and 

May 1947 (39). The magnetic 
anomaly highs east of the trench 
coincide with known seamounts, 
whereas highs west of the trench 
are assumed to be subducted 
seamounts, which are also 
imaged in seismic reflection 
data (29). 


179° 


above the SSE source. The temporal evolution of 
the pressure changes in the offshore APG time 
series closely tracks that of the horizontal dis- 
placements observed in the cGPS time series at 
nearby sites GISB and MAKO, further confirm- 
ing that the pressure changes we observe in the 
APG data are due to vertical displacement of 
the seafloor during the SSE (Fig. 2). The APG 
time series indicates the possibility that the sea- 
floor pressure changes begin several days before 
large cGPS displacements, which suggests that 
the SSE may have begun on the shallow interface 
and propagated downdip with time. To calculate 
the vertical displacements during the SSE, we 
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calculated the difference between the average of 
the pressure data for the 3-month period before 
the SSE and the 2-month period after the SSE 
(Figs. 2 and 3). The uncertainties (Fig. 3A) are 
based on the root mean square error relative to 
the mean of the pressure data for the periods 
before and after the SSE. We chose the 3-month 
period before the SSE, as this was sufficiently 
outside the period of early rapid drift that occurs 
1 to 2 months after APG deployment (23). To 
avoid disruption in the time series by a second 
SSE that occurred in December 2014, we used a 
2-month period of data for the post-SSE averag- 
ing. The December SSE ruptured a patch of the 
interface just to the southwest of the region that 
ruptured in the September SSE. We find that APG 
sites just east (trenchward) of the shelf underwent 
the largest displacements (up to 5.4. cm), and the 
magnitude of uplift tapers toward the trench, with 
the sites 5 to 10 km from the trench (SBPR1, LOBS6, 
SBPR2) undergoing 1.5 to 2 cm of uplift. Uplift of 
these near-trench sites indicates that large SSE 
slip continues onto the shallowest portions of the 
subduction interface close to the trench, and pos- 
sibly all the way to the trench itself. The site where 
we observe the largest uplift signal (LOBS8) is 
closest to the cGPS sites recording the largest 
horizontal SSE displacements (MAKO, GISB, PART) 
(Fig. 1), and the offshore uplift signals taper both 
northeast and southwest along strike, in good 
agreement with the pattern of onshore cGPS dis- 
placements (Fig. 3A). 

We inverted the onshore cGPS displacements 
and vertical displacements observed in the off- 
shore APG network to determine the distribution 
of shallow slow slip on the subduction interface 
(28). Our best-fitting slip inversion (Fig. 3B) fits 
both the horizontal cGPS and the vertical APG dis- 
placements to within uncertainty, with a reduced ? 
of 0.80 and 1.16 for the cGPS and APG data, 
respectively. The SSE in September and October 
2014 has an equivalent moment magnitude of 
My 6.8. 

Our best-fitting slip model (Fig. 3B) reveals the 
major locus of large slip (10 to 20 cm) focused 
between 7 and 4 km depth beneath the central 
portion of the HOBITSS network, with ~10 cm of 
slip penetrating updip as shallow as 3 km depth 
in some locations. Further northeast along strike, 
the observed large vertical displacement (3.7 cm) 
at LOBS1 is fit well by a small patch of shallow, 
large slip (~10 cm) occurring at ~4 km below the 
seafloor. Our results suggest that ~5 cm of slip 
penetrates to within 2 km of the seafloor beneath 
the HOBITSS network, and some slip (up to a few 
centimeters) might penetrate all the way to the 
trench. To determine the shallowest extent of slow 
slip required by our APG data, we conducted sensi- 
tivity tests for the updip limit of slip. These tests 
require a reasonable amount of slip (8 to 5 cm or 
more) to occur to within 2 km of the seafloor (28). 
An even denser network would be needed to resolve 
the slip distribution on the portion of the plate 
boundary between 2 km depth and the seafloor. 

The shallow slow slip recorded by our APG net- 
work occurred on a portion of the plate interface 
that ruptured in a tsunami earthquake in March 
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1947 (29) (Fig. 4), which suggests that shallow 
SSE source areas are capable of hosting seismic 
rupture and tsunamigenesis. This observation has 
major implications for seismic and tsunami haz- 
ards at subduction zones worldwide. Tsunami 
earthquakes are defined as subduction thrust 
earthquakes located near the trench that prod- 
uce a larger-than-expected tsunami for the earth- 
quake’s magnitude; they typically have long source 
durations and lack high-frequency energy. These 
characteristics are often attributed to similar tran- 
sitional frictional conditions (30) thought to exist 
in shallow SSE source areas (18). Seismic reflec- 
tion and magnetic data suggest the presence of a 
subducted seamount in the area of the March 
1947 earthquake; rupture over this seamount is 
thought to have increased tsunami excitation (29). 
There is an apparent gap of large (>10-cm) slow 
slip in our best-fitting SSE model where the sea- 
mount collides with the subduction interface (Fig. 
4), suggesting that the properties of the subduc- 
tion interface in the region of seamount subduc- 
tion may be less conducive to slow slip. If the 
seamount does act as a barrier to slow slip, two 
potential explanations are: (i) the region of the 
interface struck by the seamount may be inter- 
seismically locked (velocity weakening) and may 
host nucleation of earthquakes similar to the 
1947 earthquake (29) or (ii) the portion of the 
fault affected by seamount subduction possesses 
velocity-strengthening behavior and creeps stead- 
ily. Answering this question remains at the heart of 
a debate over the role that subducting seamounts 
play in subduction interface seismogenesis (37-33). 

The HOBITSS APG results provide the first 
detailed view of seafloor deformation during a 
shallow, offshore SSE and open a frontier for 
high-resolution, near-field investigations of shal- 
low SSEs and other similarly sized transient de- 
formation events at offshore plate boundaries. 
These data demonstrate that large SSEs can occur 
on the shallowest reaches of the subduction mega- 
thrust, where very low temperatures and pres- 
sures exist. Our result of slow slip near the trench 
suggests that conditionally stable or velocity- 
weakening frictional conditions exist on a portion 
of the interface traditionally thought to be dom- 
inated by steady creep (velocity strengthening). 
There is also evidence for shallow SSEs on con- 
tinental faults (34, 35). Similar physical mecha- 
nisms are probably behind shallow SSEs in 
continental versus subduction settings, but we 
expect that fluids may play a larger role in shal- 
low SSEs at subduction zones. Our observations 
and those from Costa Rica (25, 36) raise the 
likelihood that shallow SSEs observed at other 
subduction zones (J4, 17, 18, 37) may involve large 
slip to the trench. Seafloor geodetic investiga- 
tions at these subduction zones and elsewhere 
are needed to discern the role that SSEs play 
globally in the accommodation of plate motion 
on the shallowest portion of the megathrust. 
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Mass-dependent and -independent 
signature of Fe isotopes in 
magnetotactic bacteria 


Matthieu Amor,”?* Vincent Busigny,’* Pascale Louvat,’ Alexandre Gélabert,* 
Pierre Cartigny,' Mickaé] Durand-Dubief,? Georges Ona-Nguema,” 
Edouard Alphandéry,”* Iméne Chebbi,” Francois Guyot” 


Magnetotactic bacteria perform biomineralization of intracellular magnetite (Fe30,) 
nanoparticles. Although they may be among the earliest microorganisms capable of 
biomineralization on Earth, identifying their activity in ancient sedimentary rocks 
remains challenging because of the lack of a reliable biosignature. We determined Fe 
isotope fractionations by the magnetotactic bacterium Magnetospirillum magneticum 
AMB-1. The AMB-1 strain produced magnetite strongly depleted in heavy Fe isotopes, 
by 1.5 to 2.5 per mil relative to the initial growth medium. Moreover, we observed 
mass-independent isotope fractionations in °’Fe during magnetite biomineralization 
but not in even Fe isotopes (°“Fe, °°Fe, and °°Fe), highlighting a magnetic isotope effect. 
This Fe isotope anomaly provides a potential biosignature for the identification of 
magnetite produced by magnetotactic bacteria in the geological record. 


agnetotactic bacteria synthesize magnet- 

ite [Fe(I)Fe(IID.0,] nanoparticles under 

a genetically controlled pathway (2). They 

are morphologically, physiologically, and 

phylogenetically diverse (2, 3). Nanopar- 
ticles of biogenic magnetite are produced in these 
cells in organelles called magnetosomes, consist- 
ing of a bilayered lipid membrane surrounding 
the magnetite crystal (4). Magnetosomes are as- 
sembled in chains inside the cell and provide it 
with a permanent magnetic dipole (4, 5). Mag- 
netotactic bacteria are markers of oxic/anoxic 
transition zones in sediments and aquatic sys- 
tems (J). In addition, these bacteria have been 
proposed to represent some of the most ancient 
microorganisms capable of biomineralization (6, 7), 
but the identification of their activity in the fossil 
record remains poorly resolved (8). Specifically, it 
is challenging to distinguish intracellular mag- 
netite nanoparticles from abiotic or extracellular 
biogenic magnetites produced by Fe-metabolizing 
bacteria [i.e., Fe(II])-reducing and Fe(II)-oxidizing 
bacteria] (5, 6, 8, 9). Moreover, magnetite nano- 
particles can experience variable transformations 
during diagenetic and/or metamorphic processes 
and may thus have lost some of their original physi- 
cal characteristics (10). Iron isotopes have been 
proposed as a tool to infer the presence of Fe(III)- 
reducing and Fe(II)-oxidizing bacteria in the Pre- 
cambrian geological record (17-13). However, a 
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previous study reported no fractionation of Fe 
isotopes (14) in magnetite produced by two strains 
of magnetotactic bacteria, Magnetospirillum mag- 
netotacticum MS-1 and Magnetovibrio blakmorei 
MV-1 (15), and only oxygen isotope measurements 
showed a temperature-dependent fractionation be- 
tween magnetite and water. 

We measured the Fe isotope fractionation pro- 
duced by another magnetotactic bacterium, M. 


magneticum strain AMB-1, which was cultured 
in batches with either Fe(III)-quinate or Fe(II)- 
ascorbate to investigate the effect of various Fe 
sources on the Fe isotopic signatures in mag- 
netite (see the supplementary materials). A small 
fraction of the growth media was sampled before 
and after AMB-1 cultures for subsequent Fe isotope 
analyses. Magnetites were magnetically separated 
from bacterial lysates (i.e., plasmic membranes, 
periplasm, and cytoplasm) according to an opti- 
mized procedure, which ensured that the mineral 
was analyzed with no organic residue (9). Both 
organic and biomineralized fractions were ana- 
lyzed for Fe isotope compositions. 

Magnetite produced by AMB-1 was strongly 
depleted in the heavy Fe isotopes relative to the 
initial growth medium. Two replicates for each 
culture condition provided consistent results, 
with 8°°Fe values of -1.00 + 0.08 per mil (%o) and 
-1.80 + 0.13%o for Fe(II)-ascorbate and Fe(III)- 
quinate experiments, respectively (Fig. 1 and table 
S1). Overall, the net Fe isotope fractionation be- 
tween Fe sources and magnetite ranged between 
1.5 and 2.5%o. Iron is usually assumed to reside 
either in magnetite or in the residual growth me- 
dium (76). Yet we found that bacterial lysates can 
represent up to 70% of cellular Fe (supplementary 
materials). In the two culture conditions of our 
experiments, bacterial lysate 8°°Fe values were 
enriched in the heavy isotopes by 0.3 to 0.8%o 
relative to initial Fe sources. Although several 
studies reported heavy Fe(II) adsorbed on solid 
surfaces or ligated into organic complexes (17, 18), 
Fe in the lysates is more likely to be present as 
Fe(IID. This is consistent with the low 8°°Fe values 
of magnetite, which suggest partial reduction of 


5°5 Fe (%o 
e ( V3 


+1 


“eg Initial iron sources 


Final growth media —g— —Ht- -- UWF - 
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Fig. 1. Iron isotope compositions obtained from cultures of magnetotactic bacteria. 8°°Fe values 
(relative to international standard IRMM-O14) of Fe sources (initial growth media, circles), growth media 
after AMB-1 cultures (Squares), magnetite samples (triangles), and bacterial lysates (diamonds) in exper- 
iments using either Fe(Ill)-quinate (solid black symbols) or Fe(II)-ascorbate (open symbols) as Fe sources. 
The gray bar represents the range of Fe isotope compositions for initial growth media and can be regarded 
as a reference. Magnetite samples are enriched in light Fe isotopes relative to Fe sources, by ~1.5 to 2.5%o. 
Growth media are also enriched in light isotopes, with fractionation between 0.5 and 1.5%o. In contrast, 
bacterial lysates are enriched in heavy isotopes relative to Fe sources, by 0.5 to 0.75%o. 
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Fe(III), whose residuals will be included in the 
lysates (17, 19). 

Based on our experimental results and previ- 
ous models for magnetite precipitation in mag- 
netotactic bacteria (/, 16, 20), we can propose a 
geochemical view of Fe cycling in AMB-1 cultures 
(Fig. 2). Iron initially present as Fe(II) or Fe(III) 
in the growth medium was incorporated into the 
cell and stored as Fe(II], possibly in the form 
of ferritine (16). Fe(III) was then partially reduced 
for trafficking to magnetosomes, where Fe(II) was 
precipitated as magnetite in processes involving 
cytochromes (20, 27) or similar proteins. This geo- 
chemical model of magnetite precipitation in 
AMB-1 is in line with Fe isotope fractionations 
determined in Fe(III)-reducing bacteria and in 
abiotic magnetite precipitation (17, 19, 22). Bac- 
terial Fe(III) reduction releases Fe(II) depleted 
in the heavy isotopes by ~3%o (17). Then pre- 
cipitation enriches magnetite in the heavy iso- 
topes relative to Fe(ID by 0.8 to 1.5%o (depending 
on kinetic or equilibrium control) in both abiotic 
and biotic systems (19, 22). Overall, the net iso- 
tope fractionation between initial Fe(III) and 
magnetite would be 2.2 to 1.5%o. This range of 
values is consistent with our experimental re- 
sults obtained for bacterial lysates and magnetite 
(Fig. 1). 

We also observed that magnetite and bacterial 
lysates show distinct but homogeneous isotopic 
compositions whatever the initial source of Fe 
[Fe(ID or Fe(IID]. This contrasts with the prior 
observations of the absence of fractionation (15) 
and may result from differences between the 
strains and their culture conditions (supplemen- 


A Fe(III)-quinate experiment 


tary materials). The presence of a large intracel- 
lular pool of Fe distinct from magnetite in our 
study may be important for explaining such dif- 
ferences. This extra Fe-bearing reservoir may have 
originated from the larger Fe concentrations in 
the initial growth media (150 1M versus 30 to 
70 uM; supplementary materials) 

Finally, we observed a statistically significant 
deviation from mass-dependent fractionation, ex- 
pressed here as A*’Fe (23) (Fig. 3 and table S1). In 
Fe(II1)-quinate experiments, both growth media 
after AMB-1 cultures and magnetite showed un- 
ambiguous deviations from mass-dependent frac- 
tionations, with A°’Fe values ranging between 
0 and +0.23 + 0.08% (2 SD). Each isotope mass 
balance lies within A*’Fe ~ 0.00 + 0.04%o for every 
experiment, confirming the isotope anomalies 
(supplementary materials). Moreover, a negative 
linear correlation between A°’Fe and 8°°Fe, with 
magnetite showing the largest deviation from 
mass-dependent fractionation line, reveals a mass- 
independent contribution referred to here as mass- 
independent fractionation (MIF) (Fig. 3). Such a 
linear correlation may represent a mixing between 
intracellular Fe with A°’Fe values different from 
zero and the pool of Fe in the growth medium. 

We explored several possible mechanisms that 
could have produced this MIF signature. We first 
considered whether an apparent mass-independent 
isotope signal could be due to the mass conser- 
vation along mass-dependent isotope fractiona- 
tions, similar to S isotope fractionation by sulfate- 
reducing bacteria (24). Indeed, mixing between 
two reservoirs with A°’Fe = O and contrasted 
isotopic compositions would produce an appar- 


ent MIF. Mixing between two Fe reservoirs in 
AMB-1 with extreme 5°°Fe values of -3 and +3%o, 
respectively, should result in variations of A°’Fe 
smaller than 0.003%o from the mass-dependent 
line, which remains within error of our measure- 
ments (figs. S4 and S5). Such variations are there- 
fore too small to account for A°’Fe values up to 
+0.23 + 0.08%o (Fig. 3). 

Magnetic isotope effects (MIEs) can discrimi- 
nate isotopes according to their nuclear spins 
and nuclear magnetic moments rather than by 
their masses and are affected by external mag- 
netic fields (25). They are usually observed in 
reactions involving free radicals and paramag- 
netic species, and primarily affect odd as com- 
pared to even isotopes (25). Fe(II) (in high spin 
configuration) and Fe(IID ions are both paramag- 
netic. As a consequence, the isotope °’Fe would 
behave differently from °4he, Fe, and ’Fe. To 
test this hypothesis, we attempted to determine 
potential isotope anomalies on **Fe, expressed as 
A°*Fe (23) (fig. $10). No significant anomaly on 
A®*Fe is predicted with a MIE. Due to the very 
low abundance of °°Fe (0.282% of the total Fe), 
only a few samples were measured with an ac- 
ceptable precision better than +1.5%o (2 SD) on 
A°*Fe. These samples show A*’Fe ~ 0%o within 
analytical uncertainties (fig. S10), suggesting that 
only *Fe is associated with a mass-independent 
signature and supporting a MIE as the process 
enriching magnetite in *Fe relative to “Fe, °°Fe, 
and **Fe, 

In contrast with the Fe(IID-quinate experiments, 
no detectable MIF was observed in Fe(II)-ascorbate 
experiments (Fig. 3 and table Sl). The likely 
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Fig. 2. Geochemical view of Fe cycling in AMB-1 showing the main Fe reservoirs and fluxes. |ron cycling in cultures with (A) Fe(IlI)-quinate and (B) Fe(ll)- 
ascorbate. Fe(III) in the lysate fraction may be associated to ferritines either in the cytoplasm or periplasm for Fe storage in the cell (16). 3°Fey,s, 5 Fg ms and 
3°°Femag: mean 8°°Fe values of the lysate, growth medium after AMB-1 culture, and magnetite samples, respectively. A°’Fe: deviation from mass-dependent Fe 
isotope fractionation (23) in the growth medium, lysate, and magnetite samples. Starting Fe sources had A°”Fe = 0%o within analytical uncertainties. 
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Fig. 3. MIF of odd Fe isotope in cultures. Plot of A°’Fe (23) versus 8°°Fe in growth media before (circles) and after (squares) AMB-1 cultures, bacterial lysates 
(diamonds), and magnetite samples (triangles). The gray horizontal lines correspond to A°’Fe = O%o. (A) Experiments using Fe(III)-quinate as a Fe source (solid 
symbols). A°’Fe values of magnetite samples and growth media after AMB-1 cultures are significantly different from zero, even considering analytical 
uncertainties (2 SD). Data define a linear correlation between A°’Fe and 8°Fe (correlation coefficient of 0.92). (B) Experiments using Fe(II)-ascorbate as a Fe 


source (open symbols). No MIF is observed. 


explanation is that the pool of abundant extra- 
cellular Fe(II) can then diffuse toward the intra- 
cellular medium, mix with the small fraction of 
intracellular Fe(II), and dilute its MIF signature. 
This is compatible with the concept that in mag- 
netotactic bacteria, the soluble Fe(II) species 
easily enter the cell by a diffusion like process, 
whereas Fe(III) species are actively (via proteins) 
incorporated into the cell (26). A dilution of the 
MIF signature by extracellular Fe(II) would sug- 
gest that only intracellular Fe(II) acquires the 
MIF signature. The mixing of intracellular Fe(II) 
having low 5°°Fe values produced by partial Fe(III) 
reduction (Fig. 2) with Fe(II) showing higher 
8°°Fe values from the growth medium is also 
consistent with higher 5°°Fe values of magnetite 
formed in Fe(II)-ascorbate experiments relative 
to Fe(IID-quinate, as it is indeed observed (Figs. 1 
and 3 and table S1). Finally, an outward diffu- 
sion of intracellular Fe(II) can also account for 
the evidence that the final growth media of 
the Fe(III)-quinate experiments also have posi- 
tive A°’Fe values. 

The MIF and MIE signatures observed in 
this study can be produced by a wide variety of 
mechanisms. MIEs are often produced by spin 
transitions (25), such as those observed during 
photochemical reactions of Hg isotopes (27). 
Here, AMB-1 was cultivated in the dark, prevent- 
ing any photochemical MIE (supplementary 
materials). A likely explanation for MIEs in 
AMB-1 could be a shift from low-spin Fe in cyto- 
chromes (28) or similar proteins to high-spin Fe 
in magnetite (29). Cytochromes are redox proteins 
catalyzing Fe reduction or oxidation and are re- 
quired for magnetite precipitation in magnetotac- 
tic bacteria (20, 27). The MIE signature recorded 
in magnetite could have been produced during 
Fe(III) reduction or magnetite precipitation (Fig. 
2); however, the absence of a MIF signature in 
magnetite formed under Fe(II)-ascorbate culture 
condition indicates that the MIE was more likely 
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generated by spin transitions during Fe(II] re- 
duction in cytochromes or similar proteins (30). 
The proximity of proteins involved in oxidation 
or reduction processes with the magnetite nano- 
particles and their local magnetic field might pro- 
vide adequate conditions for producing Fe-MIE 
specifically in magnetotactic bacteria. Iron isotope 
fractionations associated with spin configuration 
changes have already been proposed (37). 
Mass-dependent and -independent fractiona- 
tions of Fe isotopes may thus serve as potential 
biosignatures of magnetotactic bacteria in ancient 
environments, although it remains to be seen 
which environmental conditions result in Fe iso- 
tope fractionations and MIEs as reported here, 
and which do not. Second, identifying Fe-MIEs 
in natural samples remains difficult. Only few 
data report both 8°°Fe and 8°’Fe values of nat- 
ural magnetites (13, 32, 33), and several samples 
display possible nonzero A*’Fe values, although 
with still too large errors on A°’Fe to be con- 
clusive. High-precision Fe isotope studies of sam- 
ples containing enough material to generate a 
signal may soon lead to the discovery of Fe-MIF 
biosignatures in the geological record. 
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Inequality in mortality decreased 
among the young while increasing 


for older adults, 1990-2010 


J. Currie?”** and H. Schwandt®*”* 


Many recent studies point to increasing inequality in mortality in the United States over 
the past 20 years. These studies often use mortality rates in middle and old age. We used 
poverty level rankings of groups of U.S. counties as a basis for analyzing inequality in 
mortality for all age groups in 1990, 2000, and 2010. Consistent with previous studies, 
we found increasing inequality in mortality at older ages. For children and young adults 
below age 20, however, we found strong mortality improvements that were most 
pronounced in poorer counties, implying a strong decrease in mortality inequality. These 
younger cohorts will form the future adult U.S. population, so this research suggests 

that inequality in old-age mortality is likely to decline. 


oorer people tend to have shorter lives and 

are more likely to die than richer people 

at all ages. Understanding the evolution 

of these inequalities in mortality is a cen- 

tral concern of economists, policy-makers, 
and the public. Not surprisingly, a great deal of 
highly publicized research has investigated changes 
in inequality in life expectancy and mortality in 
the United States over the past 20 years. A pre- 
ponderance of the existing evidence points to 
alarming increases in inequality in mortality over 
this time period (7-16). Some studies investigat- 
ing mortality trends across educational groups 
and geographic areas argue not only that inequal- 
ity in life expectancy is widening, but that overall 
life expectancy is actually falling among the most 
disadvantaged groups (11-13). 

However, much of the recent literature focuses 
on adults, and in particular on life expectancy at 
age 40 or 50, exploiting rich data sets that link 
individuals’ career earnings to deaths at older 
ages (1-8). By construction, these analyses omit 
children, teens, and young adults. A second strand 
of research analyzes demographic subgroups de- 
fined by education, location, and/or race (9-16). 
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These studies typically focus on overall life ex- 
pectancy at birth. 

Life expectancy at birth is a summary measure 
that collapses all of the age-specific mortality rates 
observed in a given year (and in a certain demo- 
graphic subgroup) into a single number. It pro- 
vides information about how long a cohort of 
newborns can expect to live, under the assump- 
tion that the age-specific mortality rates observed 
in that given year remain constant into the future. 
This assumption is unlikely to hold in the United 
States, given that mortality rates at all ages have 
been continuously changing (mostly improving) 
over the past century (17). 

Changes in infant and childhood mortality 
have been shown to be important predictors 
of a cohort’s health and mortality at later ages, 
and such data may therefore be more informa- 
tive about the development of future death rates 
for the current young. Moreover, mortality at 
young ages is considered a sensitive indicator 
of social conditions because it responds rela- 
tively quickly to changes affecting the entire 
population, whereas old-age mortality is partly 
determined by conditions in the past. The in- 
fant mortality rate has been shown to be an im- 
portant indicator of health for whole populations 
and one that is highly correlated with more com- 
plex measures such as disability-adjusted life ex- 
pectancy (78). 

Therefore, to study how inequality in mortality 
changes over time, it is important to understand 
age-specific mortality trends and in particular 
those at younger ages. Life expectancy at birth 


masks potential differences in age-specific 
trends, and the measure is also dominated by 
changes in old-age mortality because that is when 
most deaths occur. A recent study by Case and 
Deaton (19) highlights the relevance of examining 
age-specific mortality rates: They document in- 
creases in middle-age mortality for non-Hispanic 
whites, a striking development that would not be 
detectable in overall life expectancy at birth. 

We followed an empirical approach, based on 
placing counties into groups, that allows us to 
analyze trends in age-specific mortality while 
taking into account population shifts across 
groups. We ranked all counties in 1990, 2000, 
and 2010 by their poverty level and then divided 
them into 20 groups, each representing roughly 
5% of the overall U.S. population (fig. S1 and 
table S1). This enables us to compare, for exam- 
ple, the 5% of the population living in the poorest 
counties in 1990 with the 5% of the population 
living in the richest counties in 1990, and analyze 
how the mortality differences between these groups 
change over time. We refer to the county groups 
with the highest fractions of their populations 
in poverty as the poorest counties, and those 
with the lowest fractions of their populations in 
poverty as the richest counties. 

Our approach reassigns county groups in 1990, 
2000, and 2010 to adjust for changes in county 
ranking and population size. That is, we compare 
the poorest counties representing 5% of the pop- 
ulation in 1990 with the poorest counties rep- 
resenting 5% of the population in 2010, even if 
they are not exactly the same counties. The ad- 
vantages of this procedure and a comparison with 
other approaches are discussed below. Our county 
grouping approach is similar to that of Singh and 
Siahpush (9), who investigated life expectancy 
trends ranking U.S. counties by a deprivation in- 
dex (comprising a set of county characteristics) 
up to 2001. Our approach differs from theirs in 
that they did not analyze age-specific mortality, 
analyzed data only up to 2001, and did not re- 
order county groups over time. 

Mortality rates were constructed at the levels 
of county group, gender, and age by dividing 
death counts from the U.S. Vital Statistics by 
population counts from the decennial Census. 
We focused on 3-year mortality rates for Census 
years 1990, 2000, and 2010, based on a total of 
21,175,011 deaths. Life expectancy was calculated 
by constructing a life table based on 19 age groups 
(see the supplement for additional details re- 
garding the construction of mortality rates and 
life expectancy). Socioeconomic county charac- 
teristics, including poverty rate, median and per 
capita income, and percentage of high school 
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dropouts, were taken from the Census in 1990 
and 2000. For 2010 we used the 2008-2012 
American Community Survey (ACS), which re- 
placed the long form of the Census for 2010. 
Table S1 reports socioeconomic characteristics 
for the 20 county groups. The county group with 
the lowest fraction living in poverty had an 
average poverty rate of 3.75% and a median 
income (averaged across counties) of $62,445 in 
1990. The comparable 2010 figures are 5.58% 
in poverty and a $62,752 median income. The 
county group with the highest fraction living in 
poverty had a 30.47% poverty rate and a median 
income of $23,595 in 1990. Comparable 2010 
figures were 28.30% in poverty and a median 
income of $25,404. 

We start with the analysis of overall life ex- 
pectancy at birth, so as to make a better com- 
parison with the strand of previous literature 
that has focused on this measure. Figure 1A 
plots male and female life expectancies at birth 
for the 20 county groups in 1990, 2000, and 
2010 (see table S2 for numerical values and 
standard deviations). Standard deviations are 
within 0.1% of the estimates, and 95% confi- 
dence intervals (CIs) would be fully covered by 
the estimate markers if plotted in Fig. 1A. In 
addition to the plotted life expectancy values, 
we have drawn a linear regression line through 
the 20 dots representing each year (the line for 
2000 omits symbols to reduce clutter). A steep- 
er slope of the regression line indicates greater 
inequality in life expectancy. If there was no dif- 
ference in life expectancy between richer and 


poorer county groups, then the line would be 
entirely flat. 

Figure 1A shows that for men, there is a strong 
gradient in 1990, with those living in the richest 
counties enjoying 6.10 additional years of life 
expectancy relative to those living in the poorest 
counties (74.79 versus 68.70). For women, who 
have greater life expectancy overall, this gap is 
smaller at 3.01 years (80.20 versus 77.19). Be- 
tween 1990 and 2010, life expectancy at birth 
increased across the entire poverty spectrum, 
both for men and for women. For men, the fitted 
lines in 1990 and 2010 are almost parallel, sug- 
gesting that life expectancy increased by similar 
amounts in rich and poor counties. In fact, res- 
idents of the poorest counties gained slightly 
more with 4.63 additional years, whereas those 
in the richest county group gained 4.35 years. 
For women, improvements were stronger for 
those in the richest county group (3.01 versus 
2.06 years), and most of these improvements oc- 
curred between 2000 and 2010. 

Figure 1B plots the changes in life expectancy 
between 1990 and 2010. For women, the fitted 
regression line is downward-sloping (P = 0.043), 
indicating increasing inequality in life expect- 
ancy over this period. For men, the slope of the 
regression line is positive but not significantly dif- 
ferent from zero (P = 0.103), consistent with Fig. 
1A’s suggestion that decreases in mortality were 
equally distributed across men in rich and poor 
counties. 

Turning to our key innovation—the analysis of 
age-specific mortality for all ages—Figs. 2 and 3 
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Fig. 1. Life expectancy at birth by poverty percentile and gender. (A) Average male and female life 
expectancy at birth by poverty percentile. Each bin represents a group of counties with about 5% of the 
overall population. The solid lines provide the fitted regression lines. Higher percentiles refer to higher 
poverty levels. A steeper slope implies greater inequality in life expectancy at birth. Magnitudes are 
reported in table S2. (B) Changes in average male and female life expectancy at birth by poverty 
percentile. The fitted regression line has a slope of 0.0062 (P = 0.103) for men and a slope of —0.0075 


(P = 0.043) for women. 
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show that the evolution of overall life expectancy 
at birth masks considerable heterogeneity in 
trends in mortality rates at different ages. Similar 
to Fig. 1, each symbol in the figure represents the 
age-specific 3-year mortality rate in a bin rep- 
resenting 5% of the U.S. population, and the bins 
are ordered by county poverty rates. Mortality 
rates are plotted for 1990 and 2010 together with 
a linear regression line; only the line is shown for 
2000. Regression lines are upward-sloping be- 
cause mortality is higher in poorer counties, but, 
as in Fig. 1, a flattening of the line over time in- 
dicates a decrease in inequality. Tables S3 and S4: 
report standard errors for the mortality rates and 
tests for a change in the slope of the fitted re- 
gression lines. 

The first panel in Fig. 2 shows the evolution of 
3-year mortality rates for male newborns, which 
decreased by 4.2 per 1000 in the group of richest 
counties between 1990 and 2010, from 9.77 (95% 
CI, 9.10 to 10.44) to 5.53 (95% CI, 5.06 to 6.00). 
However, infant mortality in the group of poorest 
counties decreased by 8.49 deaths per 1000, which 
is more than twice as much over the same time 
period, from 18.28 (95% CI, 17.38 to 19.17) to 9.79 
(95% CI, 9.22 to 10.37). These strong reductions 
in mortality in the poorer county groups are re- 
flected in a considerable flattening of the regres- 
sion line in 2010 relative to 1990. The slope of the 
regression line through the group values de- 
creases by more than 50%, and this change is 
highly significant (P < 0.001, table S3). This flat- 
tening indicates a marked reduction in inequal- 
ity in infant mortality. 

A similar decline in mortality inequality can 
be observed up to age 20, although improve- 
ments for young children were greatest between 
1990 and 2000. For older children, there were 
also large declines between 2000 and 2010. Look- 
ing at older ages, inequality decreased (i.e., the 
slope of the fitted regression line decreased sig- 
nificantly; see table S3 for P values) among males 
up to age 50. Between ages 50 and 75 there was 
no significant change in inequality in mortality, 
but after age 75, mortality inequality increased 
significantly among males. It is also striking that 
for adult men between 20 and 34, there was vir- 
tually no improvement in mortality rates between 
2000 and 2010. 

Figure 3 shows that the patterns are some- 
what different for females. As it did for males, 
female mortality decreased strongly for age 
groups up to age 19, and these improvements 
were significantly stronger in the poorest counties, 
implying that inequality in mortality decreased 
sharply (see table S4 for P values of the dif- 
ferences in the slopes). However, although in- 
equality decreased significantly for males until 
age 50, this trend is observed for females only up 
to age 30. For ages 30 to 45, there is no signif- 
icant change in mortality inequality, whereas for 
all age groups over 45, inequality in mortality 
increases. 

Turning to the mortality rates themselves, it is 
noteworthy that there was practically no im- 
provement in mortality among women aged 30 
to 45 between 1990 and 2010. This is a striking 
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Fig. 2. Male 3-year mortality rates by poverty percentile across age groups. Average 3-year mortality rates are plotted across poverty rate percentiles. 
Each bin represents a group of counties with about 5% of the overall population in the respective year. Straight lines provide linear fits. Table S3 reports key 


magnitudes and standard errors. 


development in light of the progress made in 
other age categories. A further remarkable fact 
is that mortality rates actually increased in some 
of the richest counties among females aged 20 to 
29. After age 45, there are mortality declines, but 
they are larger in the richer county groups, 
driving the increase in mortality inequality noted 
above. 

The results discussed so far are all based on 
ranking counties by poverty rates, which is ar- 
guably the most relevant measure if one is fo- 
cusing on differences between the rich and poor. 
However, several additional measures of socio- 
economic status are available at the county level. 
The age-specific trends in mortality are very sim- 
ilar when ranking counties by these alternative 
measures, including the share of high school 
dropouts, median income, and average life ex- 
pectancy (figs. S2 to S4). 

In contrast to many recent analyses of in- 
equality in mortality that focus on life expectancy 
at middle age, we find overall improvements in 
life expectancy at birth both in counties with 
high poverty rates and counties with low poverty 
rates. However, we argue that life expectancy 
measures are not (despite their name) intended 
to be predictive of the number of future years of 
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life that any particular cohort can expect to 
attain, and that it is more informative to ex- 
amine age-specific mortality rates. Our analysis 
of these rates indicates that inequality in mor- 
tality between rich and poor counties has strong- 
ly declined among infants, children, and young 
adults up to age 30 of either gender, as well as 
among adult males up to age 50. Among older 
adults, mortality has continued to decline, al- 
though declines are generally greatest in the 
richest counties, indicating increasing inequality 
in mortality, which is in line with the literature 
that has focused on inequality trends at older 
ages (1-8). 

Our focus on using county groups to examine 
inequality has advantages and disadvantages. Un- 
like subgroups defined by race and education 
or by individual counties, county groups are large 
enough to provide precise mortality estimates 
in age ranges with low mortality. Moreover, the 
county of residence is consistently reported both 
in the Vital Statistics and the Census data, which 
makes mortality rates by county group subject 
to less measurement error than using other demo- 
graphic groups that can be constructed with these 
data sets. For example, education is often missing 
from death certificates, and education measures 


were switched from years of schooling to degrees 
for some states in the mortality files but not in 
the Census. Even race is not always consistently 
reported. For example, the Census introduced 
multiple race categories in 2000 while the Vital 
Statistics reports permit only single-race identi- 
fication. These changes in the reporting of race 
and education introduce a fundamental bias be- 
cause of their different impacts on the numer- 
ator and denominator of a given subgroup’s 
mortality rate. And because these biases change 
over time, they confound the estimation of trends 
in inequality. 

Changes in the composition of the analyzed 
demographic subgroups present another serious 
source of bias (20-23). For example, Olshansky 
et al. (13) documented decreasing life expect- 
ancy among non-Hispanic white women without 
a high school degree between 1990 and 2008. 
But the share of the population of white non- 
Hispanic females in this education category fell 
by about two-thirds between 1990 and 2010, which 
suggests that the average female high school 
dropout today is much more disadvantaged rela- 
tive to her peers than the average female high 
school dropout in 1990. Bound et al. (20) argued 
that there is in fact no decrease in life expectancy 
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Fig. 3. Female 3-year mortality rates by poverty percentile across age groups. Data are displayed as in Fig. 2. Table S4 reports key magnitudes and 


standard errors. 


for the least educated once these compositional 
changes are accounted for. Similarly, single coun- 
ties that experienced declining life expectancy 
(11, 12) tend to be poor places that have lost pop- 
ulation over the past 20 years. If the healthiest 
people leave, then the ones who remain will be 
less healthy on average, biasing the estimated 
changes in mortality inequality. Our approach 
accounts for potential compositional changes by 
reordering county groups so that they represent 
constant shares of the population over time. In 
the context of county groups, however, such com- 
positional changes do not seem to play a crucial 
role, as our results look very similar when we 
keep the county groups assigned in 1990 fixed 
and follow them up to 2010 (fig. S6). 

One limitation of our approach is that it nec- 
essarily focuses on differences between groups of 
counties, whereas much of the increase in (for 
example) individual income inequality may be 
occurring within counties. However, by its na- 
ture, mortality must be calculated relative to some 
reference group. Using county groups as the ref- 
erence allows one to cleanly answer questions 
about inequality between these groups in a way 
that may not be possible with respect to other 
reference groups, such as education. 

What are potential causes for the different 
age-specific trends that we observe? Aizer and 
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Currie (24) highlighted many possible reasons 
for large reductions in infant mortality among 
the poor, which have reduced inequality in mor- 
tality among infants. We are not aware of any 
research that has looked at the causes of reduc- 
tions in mortality inequality among older chil- 
dren and young adult males. Some possibilities 
include expansions of public health insurance 
(25-29), other social safety net programs such as 
Head Start (30, 37), and reductions in pollution, 
which tend to have disproportionate effects on 
the poor (32). 

Among older adults, it is likely that at least 
some of the increasing disparities in mortality 
reflect differential patterns of both taking up and 
quitting smoking over their life cycles. For ex- 
ample, better-educated people stopped smoking 
much more quickly after the U.S. Surgeon Gen- 
eral’s 1964 report on the dangers of smoking 
(33, 34). Improvements in medical care for con- 
ditions such as heart disease also tend to benefit 
the rich before they reach the poor. The outbreak 
of the opioid epidemic is another factor that may 
be driving increased mortality inequality and 
actual increases in mortality rates in middle age 
(19). As Case and Deaton (19) showed, it may be 
possible to get some insight into these questions 
by studying the causes of death in the Vital Sta- 
tistics mortality data, although changes in mea- 


surement, measurement error, and missing data 
about causes mean that these data have to be 
interpreted cautiously. 

Our results point to decreasing inequality in 
mortality, particularly among the younger cohorts 
who will form the future adult and elderly pop- 
ulation of the United States. It is possible that 
survivors who would otherwise have died will be 
in poor health as they age and thus reduce the 
average level of health in the population. How- 
ever, another possibility is that the declines in 
mortality at younger ages reflect improvements 
in the entire underlying distribution of health 
(35). In at least one important example—the case 
of expansions of public health insurance for poor 
infants and young children in the late 1980s and 
early 1990s—the reduced early death rates in these 
cohorts are associated with better health (27-29) 
and higher earnings (25) as these cohorts reach 
young adulthood. Thus, there appears good 
reason to hope that today’s young will also be 
healthier when they reach old age, and that in- 
equality in mortality will decrease among these 
elderly in the future. 
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NEURODEVELOPMENT 


Complement and microglia mediate 
early synapse loss in Alzheimer 


mouse models 
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Synapse loss in Alzheimer’s disease (AD) correlates with cognitive decline. Involvement 
of microglia and complement in AD has been attributed to neuroinflammation, 
prominent late in disease. Here we show in mouse models that complement and microglia 
mediate synaptic loss early in AD. Clq, the initiating protein of the classical 
complement cascade, is increased and associated with synapses before overt plaque 
deposition. Inhibition of Clq, C3, or the microglial complement receptor CR3 reduces the 
number of phagocytic microglia, as well as the extent of early synapse loss. Clq is 
necessary for the toxic effects of soluble B-amyloid (AB) oligomers on synapses and 
hippocampal long-term potentiation. Finally, microglia in adult brains engulf synaptic 
material in a CR3-dependent process when exposed to soluble AB oligomers. Together, 
these findings suggest that the complement-dependent pathway and microglia that 
prune excess synapses in development are inappropriately activated and mediate 


synapse loss in AD. 


enome-wide association studies impli- 
cate microglia and complement-related 
pathways in Alzheimer’s disease (AD) (2). 
Previous research has demonstrated both 
beneficial and detrimental roles of com- 
plement and microglia in plaque-related neuro- 
pathology (2, 3); however, their roles in synapse 
loss, a major pathological correlate of cognitive 
decline in AD (4), remain to be identified. Emerg- 
ing research implicates microglia and immune- 
related mechanisms in brain wiring in the healthy 
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brain (7). During development, Clq and C3 local- 
ize to synapses and mediate synapse elimination 
by phagocytic microglia (5-7). We hypothesized 
that this normal developmental synaptic pruning 
pathway is activated early in the AD brain and 
mediates synapse loss. 

The degree of region-specific synapse loss is 
a stronger correlate of cognitive decline in AD 
than counts of plaques, tangles, and neuronal 
loss (8, 9). To determine how early synapse loss 
occurs, we used superresolution structured illu- 
mination microscopy (SIM) (0) to quantify syn- 
apse density in hippocampal CAI stratum radiatum 
of familial AD-mutant human amyloid precursor 
protein (hAPP) (“J20”) transgenic mice (77). Quan- 
tification of colocalized pre- and postsynaptic 
puncta [synaptophysin and postsynaptic den- 
sity 95 (PSD95) (Fig. 1A); synaptotagmin and 
homer (fig. S1, A to D)] revealed a significant loss 
of synapses in J20 hippocampus at 3 to 4 months 
old (mo), an age that precedes plaque deposition 
(11, 12). Synapse loss in preplaque J20 CA1 was 
confirmed by electron microscopy (fig. S1G). Con- 
focal imaging also showed synapse loss in CA1, 
CA3, and dentate gyrus of 3 mo J20 hippo- 
campus but not in striatum (fig. SIE). Synapse 
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cic DAPI 


Fig. 1. Clq up-regulation and deposition onto synapses precede pre- 
plaque synapse loss in J20 mice. (A) Superresolution SIM images of 
synaptophysin (green)— and PSD95 (red)—immunoreactive puncta in 
stratum radiatum of 3 mo J20 or WT hippocampus (CAI). Quantification 
of synaptic puncta or their apposition using Imaris indicates selective loss 
of PSD95 in J20 hippocampus as compared to their WT littermate controls. 
See fig. S1. (B) Region-specific up-regulation of Clq (green) in 1 mo J20; DG, 
dentate gyrus; FC, frontal cortex; STR, striatum; CRB, cerebellum; DAPI, 
4' 6-diamidino-2-phenylindole. See fig. S2. (©) Orthogonal view of SIM 
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image showing colocalization of Clq (green) and PSD95 (red). (D) Higher 
percentage of PSD95 colocalized with Clq in 1 mo J20 dentate gyrus versus 
WT. (E) Compound E reduces deposited soluble AB (red) and Clq (green) in 
1mo J20 dentate gyrus, with minimal effect on Clq levels in WT mice. Scale 
bar, 2 um (A, C, and D) or 10 um (B and E). Means + SEM; n = 3 or 4 mice per 
genotype or per treatment group per genotype. *P < 0.05, **P < 0.01, or 
***P < 0.001 using two-way analysis of variance (ANOVA) followed by 
Bonferroni posttest (A and B), two-tailed one-sample t test (D), or two- 
tailed unpaired t test (E). 


levels were not altered in 1 mo J20 brains ver- 
sus wild-type (WT) littermates (fig. SIF), sug- 
gesting that the hippocampal synaptic loss at 
3 mo is likely not a result of abnormal synaptic 
development. 

We asked whether the classical complement 
cascade is up-regulated in preplaque brains when 
synapses are already vulnerable. Clq immuno- 
reactivity (13) (antibody now available at Abcam) 
was elevated in J20 brains as early as 1 mo and 
preceding synapse loss (Fig. 1B and fig. S1). Clq 
elevation was region-specific, particularly in 
the hippocampus and frontal cortex, two regions 
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vulnerable to synapse loss (14) (Fig. 1B and fig. 
$2A). Clq immunoreactivity was comparable be- 
tween J20 and WT mice at postnatal day 21 (P21) 
(fig. S2B), suggesting that elevated levels at 1 mo 
are likely not a developmental artifact. Clq was 
also similarly increased in the hippocampus of 
another model of AD, the APP/PS1 (presenilin 1) 
mice (15) (fig. S2C). Notably, SIM demonstrated 
colocalization of Clq with PSD95-positive puncta 
in 1 mo J20 hippocampus (Fig. 1C). A higher 
percentage of PSD95 colocalized with Clq in 
the hippocampus of J20 mice than in that of 
WT littermates (Fig. 1D and fig. S3), suggesting 


that the Clq-associated synapses may be marked 
for elimination. 

Punctate AB was found deposited in J20 hip- 
pocampus at 1 mo (fig. S4), long before AB 
plaques deposit (11, 12), raising the question of 
whether Clq increase in these preplaque brains 
is dependent on soluble Af levels. To test this 
hypothesis, we injected the mice with compound 
E, a y-secretase inhibitor that rapidly decreases 
AB production (12). Compound E markedly re- 
duced soluble AB levels in J20 mice; there was 
a corresponding reduction of Clq deposition 
(Fig. 1E), suggesting that AB up-regulates Clq. 
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Fig. 2. Oligomeric Af increases Clq and microglial phagocytic activity. (A and B) Soluble AB oligomers in WT mice led to elevation of Clq (green) (A) 
and a higher percentage of PSD95 (red) colocalization with Clq versus monomers (B). (C and D) oAB induced high levels of CD68 (green) immunoreactivity 
in Ibal-positive (red) microglia in WT mice (C), but not in those of Clqa KO mice (D). Both had negligible changes in morphology. See fig. S10. Scale bar, 10 um (A), 
5 um (B), or 20 um (C). Means + SEM; n = 3 to 5 mice per treatment group per genotype. *P < 0.05 using two-tailed t test (B) or *P < 0.05, **P < 0.01 versus 
control-treated or “#P < 0.01 versus AB monomer-treated using two-way ANOVA followed by Bonferroni posttest (C). 
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To further address whether the increase of Clq 
is dependent on soluble AB, and if so, which 
species, we injected soluble AB oligomers or 
monomers into lateral ventricles of WT mice. 
Hippocampus contralateral to the injection site 
was examined to avoid any surgery-related ef- 
fects. Oligomeric AB (0AB), which is prefibrillar 
in nature and acts as a mediator of synapse loss 
and dysfunction in AD (4), but not the relatively 
innocuous monomeric Af or vehicle, induced 
Clq deposition (Fig. 2A and fig. $5). A higher 
percentage of PSD95 colocalized with Clq in 
oAB-injected versus monomer-injected mice (Fig. 
2B), in a manner similar to this colocalization in 
J20 mice. Together, these findings show an early 
and aberrant increase and synaptic localization 
of Clq in multiple AD model systems. Further- 
more, fluorescent in situ hybridization (FISH) 
demonstrated up-regulated Ciga expression in 
microglia (fig. S6), implicating microglia as a major 
source of Clq in these preplaque brains. 

To test whether Clq and oA act in a common 
pathway to eliminate synapses, we injected oAB 
into lateral ventricles of Clga knockout (KO) mice 
(16). Soluble oA8 induced a significant loss of co- 
localized synapsin- and PSD95-immunoreactive 
puncta in WT mice within 72 hours (Fig. 3A, left 
panel) (77). In contrast, oAB failed to induce syn- 
apse loss in Clga KO mice (Fig. 3A, right panel), 
suggesting that Clq is required for oAB-induced 
synapse loss in vivo. To determine whether local, 
acute inhibition of Cl activation could similarly 
blunt the synaptotoxic effects of oAB, we used 
an antibody against Clq (anti-Clq) (ANX-M1, 
Annexon Biosciences), which blocks the classical 
complement cascade (see fig. S7 and supplemen- 
tary methods). Coadministration of the ANX-M1 
anti-Clq antibody, but not its immunoglobulin G 
(IgG) isotype control, prevented oAB from inducing 
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synapse loss in WT mice (Fig. 3B). Thus, block- 
ing Cl activation by either genetic or antibody- 
mediated means lessened oA§’s synaptotoxic 
effects. 

To determine whether Clq is associated with 
synaptic dysfunction, we asked whether the 
established ability of oAB to potently inhibit 
long-term potentiation (LTP) (4) was depen- 
dent on Clq. We tested the functional effects of 
the ANX-M1 anti-Clq antibody in acute hippo- 
campal slices treated with oAB. IgG alone had 
negligible effects on LTP induction in WT mouse 
hippocampal slices and on the ability of oAB to 
inhibit LTP; however, pretreatment of hippo- 
campal slices with the anti-Clq antibody signif- 
icantly prevented the impairment of LTP by oAB 
(Fig. 3C). Neither ANX-M1 nor its IgG control 
altered basal synaptic neurotransmission (fig. S8). 
Collectively, these results in hippocampal slices 
and in mice support Clq as a key mediator of 
oAB-induced synaptic loss and dysfunction. 

In the healthy developing brain, Clq promotes 
activation of C3, which opsonizes subsets of 
synapses for elimination, a process that is down- 
regulated in the mature brain (5, 6). However, 
oAB induced a significant C3 deposition in WT 
adult mice (fig. S7A, upper panel). This was sig- 
nificantly reduced in both the Ciga KO (fig. S7A, 
lower panel) and the ANX-M1 anti-Clq antibody- 
treated WT mice (fig. S7B), suggesting that the 
C3 deposition in this model is downstream of 
the classical complement cascade. Consistent 
with these findings, a higher percentage of PSD95 
colocalized with C3 in J20 and APP/PS1 brains 
(Fig. 3D and fig. S9). To determine whether C3 
is necessary for early synapse loss in AD genetic 
models, we crossed APP/PS1 mice, which, simi- 
lar to the J20 mice, had a significant increase 
and localization of Clq and C3 onto hippocampal 


Fig. 4. Microglia engulf synapses via CR3 upon 
oligomeric Af challenge. (A) Orthogonal view of 
high-resolution confocal image shows colocalization 
of homer-GFP and Ibal (red). (B) Three-dimensional 
reconstruction and surface rendering using Imaris 
demonstrate larger volumes of homer-GFP puncta 
inside microglia of oAB-injected contralateral hippo- 
campus versus those of monomer-injected. (C) Mi- 
croglia of homer-GFPxCR3 KO mice (right panel) 
show less engulfment of homer-GFP when chal- 
lenged with oAB versus those of homer-GFP mice 
(left panel). (D) AB oligomers failed to induce syn- 
apse loss in the contralateral hippocampus of CR3 
KO mice (right panel) as they did in WT mice (left 
panel). Scale bar, 5 um (A and B). Means + SEM; n 
= 3 mice per treatment group per genotype (n = 6 
to 17 microglia analyzed per mouse). *P < 0.05, 
**P < 0.01, or ***P < 0.0001 using two-tailed t test 
(B) or two-tailed one-sample t test (C and D). ns, 
not significant. 


synapses (figs. S2C and S9), to C3-deficient mice 
(18). Quantification of colocalized pre- and post- 
synaptic puncta demonstrated synapse loss in 
4.mo APP/PS1 hippocampus as compared to WT; 
however, APP/PS1xC3 KO mice did not display 
this synapse loss (Fig. 3, E and F). Together, our 
data indicate that genetic deletion of C3 amelio- 
rates synapse loss in APP/PS1 mice, providing 
further evidence that the classical complement 
cascade mediates early synapse loss in AD mouse 
models. 

Microglia express complement receptors and 
mediate synaptic pruning in the developing brain 
(1, 6), raising the question of whether this normal 
developmental pruning pathway could be acti- 
vated to mediate synapse loss in the preplaque 
AD brain. Consistent with this hypothesis, mi- 
croglia had increased amounts of the lysosomal 
protein CD68 in J20 hippocampus compared 
to WT and less so in striatum, a less vulnerable 
region (figs. SIC and S10). Furthermore, in WT 
mice challenged with oAf, microglia had sig- 
nificantly increased levels of CD68 immuno- 
reactivity (Fig. 2C). However, in Clga KO mice 
in which synapse loss was rescued, oA failed 
to induce such an increase (Fig. 2D), suggesting 
that microglia eliminate synapses through the 
complement pathway. 

To directly test whether phagocytic microg- 
lia engulf synaptic elements, we adapted our 
in vivo synaptic engulfment assay (19) using in- 
tracerebroventricular injections of AB in homer- 
GFP (green fluorescent protein) mice (20) (Fig. 
4A). oAB induced a significantly higher volume 
of internalized homer-GFP in microglia than 
monomeric Af controls did at the contralateral 
hippocampus (Fig. 4B), indicating that microglia 
engulf synaptic elements when challenged with 
oAB. Internalized homer-GFP often colocalized 
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with CD68 (fig. SILA), suggesting that the en- 
gulfed synapses are internalized into lysosom- 
al compartments in a manner similar to that 
of developmental synaptic pruning (6). Notab- 
ly, oAB failed to increase synaptic engulfment 
in microglia lacking CR3 (27), a high-affinity 
receptor for C3 expressed on macrophages 
[homer-GFPxCR3 KO versus homer-GFP mice, 
which received tail vein injections of phosphate- 
buffered saline (PBS) or oAB (Fig. 4C)]. These 
data demonstrate that CR3 is necessary for 
oAf-dependent engulfment of synapses by 
microglia. 

To test whether inhibition in microglial en- 
gulfment leads to protection against oAB-induced 
synapse loss, we performed tail vein injections 
of oAB into WT and CR3 KO mice. oAf induced 
synapse loss in the hippocampus of WT mice 
but not in that of CR3 KO mice (Fig. 4D). All 
CR3-positive microglia were P2RY12-positive 
(fig. S11), indicating that they are resident cells 
(22). Altogether, these results suggest that resi- 
dent microglia engulf synaptic material when chal- 
lenged by oA through a complement-dependent 
mechanism. 

Synaptic deficits occur in early AD and mild 
cognitive impairment before onset of plaques and 
are some of the first signs of the neuronal de- 
generative process (4, 23-25). Here we identify 
critical synaptotoxic roles of complement and 
microglia in AD models before plaque forma- 
tion and neuroinflammation, in regions of the 
hippocampus undergoing synapse loss. Using 
multiple experimental approaches, we demon- 
strate a region-specific increase of phagocytic 
microglia and accumulation of Clq and C3 on 
synapses in preplaque brains. Microglia in the 
adult brain, when challenged with synapto- 
toxic, soluble AB oligomers, engulf synapses in 
the absence of plaque aggregates; deletion of 
CR3 blocks this process. Finally, inhibiting Clq, 
C3, or CR3 activity rescues synaptic loss and 
dysfunction. 

Our data suggest a local activation of a de- 
velopmental pruning pathway (5, 6) as a key 
mechanism underlying oAf-induced synapse 
loss in preplaque AD brain. Clq is aberrantly 
increased by diffusible oA in a region-specific 
manner and deposits onto synapses, triggering 
the activation of downstream classical comple- 
ment pathway and phagocytic microglia. Block- 
ing AB production in J20 mice significantly 
ameliorated Clq deposition in the hippocampus, 
and genetic or antibody-mediated inhibition of 
complement blocks oAf from inducing microg- 
lial synaptic engulfment, synapse loss, and LTP 
inhibition. These complementary findings have 
direct therapeutic relevance. 

We propose a model in which Clq and oAB 
operate in a common pathway to activate the 
complement cascade and drive synapse elimi- 
nation by microglia through CR3 (fig. $12). This 
could occur in multiple ways: Soluble oAB asso- 
ciates with synaptic membranes and other syn- 
aptic markers (4, 26); thus, oAB bound to synapses 
may anchor Clq directly. Alternatively, oAB 
binding to synapses may weaken the synapse 


716 6 MAY 2016 + VOL 352 ISSUE 6286 


(4) and expose a Clq receptor. Although spe- 
cific receptors for Clq at synapses are not yet 
known, we have shown that Clq binds syn- 
apses in vulnerable regions undergoing syn- 
apse loss (5, 27). It is also plausible that oAB 
and Clq may work indirectly to mediate syn- 
apse loss through cytokines such as trans- 
forming growth factor-B (7), through microglial 
or astrocytic activation, or through other mech- 
anisms, including major histocompatibility 
complex class I (MHCI)-PirB, another immune 
pathway critical for synapse elimination in de- 
velopment and AD (28-30). 

Finally, our studies show that resident mi- 
croglia in the adult central nervous system 
phagocytose synapses when challenged by syn- 
aptotoxic oAB, implicating microglia as poten- 
tial cellular mediators of synapse loss. Although 
microglia and complement activation are pro- 
minently involved in plaque maintenance and 
related periplaque neuropathology, their roles 
have heretofore been largely regarded as a sec- 
ondary event related to neuroinflammation (2). 
Our studies directly challenge this view and sug- 
gest that microglia and immune-related path- 
ways can act as early mediators of synapse loss 
and dysfunction that occur in AD models be- 
fore plaques form. Although the complement 
pathway may not be involved in all patholog- 
ical routes to AD, including plaque-associated 
synapse loss, the work reported here provides 
new insights into how synapses are lost in AD. 
It will be important in future studies to examine 
whether this microglia or the complement- 
dependent pathway also plays a role in plaque- 
associated synapse loss or in other synaptopathies, 
including tauopathies and Huntington’s dis- 
ease. If so, our findings may suggest comple- 
ment and microglia as potential early therapeutic 
targets in AD and other neurodegenerative dis- 
eases involving synaptic dysfunction and memory 
decline. 
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EPIGENETICS 


Single-molecule decoding of 
combinatorially modified nucleosomes 


Efrat Shema,”” Daniel Jones,? Noam Shoresh,” Laura Donohue,” 


Oren Ram,’ Bradley E. Bernstein’?* 


Different combinations of histone modifications have been proposed to signal distinct 
gene regulatory functions, but this area is poorly addressed by existing technologies. 

We applied high-throughput single-molecule imaging to decode combinatorial 
modifications on millions of individual nucleosomes from pluripotent stem cells and 
lineage-committed cells. We identified definitively bivalent nucleosomes with concomitant 
repressive and activating marks, as well as other combinatorial modification states whose 
prevalence varies with developmental potency. We showed that genetic and chemical 
perturbations of chromatin enzymes preferentially affect nucleosomes harboring specific 
modification states. Last, we combined this proteomic platform with single-molecule 
DNA sequencing technology to simultaneously determine the modification states and 
genomic positions of individual nucleosomes. This single-molecule technology has the 
potential to address fundamental questions in chromatin biology and epigenetic regulation. 


he activity of genes and regulatory elements 

is modulated by their cell type-specific chro- 

matin organization. The fundamental building 

block of chromatin is the nucleosome. Nu- 

cleosomal histones are chemically modified 
at many amino acid positions (J, 2), which has 
led to the hypothesis that combinatorial marks 
specify distinct regulatory outcomes (the “histone 
code”) (3). However, our understanding of the 
histone code and other models (4) has been con- 
strained by our limited ability to detect, quantify, 
and map combinatorially modified nucleosomes. 
Chromatin immunoprecipitation (ChIP), a prev- 
alent method in chromatin biology, can identify 
the genomic location of a specific modification 
but cannot effectively distinguish whether coin- 
cident marks coexist on the same nucleosome or 
originate from different alleles or cells. Mass spec- 
trometry can only compare marks if they are ad- 
jacent on the same histone peptide and does not 
address genomic location (5). Although alter- 
native approaches (6), such as passing nucleo- 
somes through nanochannels (7), show promise, 
they have limited throughput and/or do not 
provide genomic information. 

We addressed these limitations by establish- 
ing a single molecule-based assay for investigat- 
ing combinatorial histone modifications (Fig. 1A 
and figs. S1, $2, and $3). We began by isolating 
mononucleosomes from cells and ligating fluo- 
rescent biotinylated oligonucleotide adaptors 
to their free DNA ends. We captured the ligated 
nucleosomes in a spatially distributed manner 
on slides coated with polyethylene glycol (PEG) 
and streptavidin and incubated them with fluo- 
rescently labeled antibodies to histone modifi- 
cations. We then used total internal reflection 
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(TIRF) microscopy to record the position and 
modification state of each nucleosome. As proof 
of principle, we captured adaptor-ligated mono- 
nucleosomes from human embryonic kidney 
(HEK) 293 cells and incubated them with anti- 
body to histone H3 lysine 9 acetylation (H3K9ac). 
We used a TIRF microscope to simultaneously 
detect nucleosomes by their fluorescent adaptors 
(Alexa555, green) and to distinguish the subset 
with H3K9ac by the antibody label (Alexa64/7, 
red) (Fig. 1B). 

We imaged millions of nucleosomes and de- 
coded their modification state. We found that 
although the nucleosome positions were fixed, 
the H3K9ac antibodies repeatedly bound and 
dissociated at a specific subset of these nucleo- 
some positions in a dynamic pattern (fig. $2). 
Summation of individual binding events over 
time revealed that ~1% of the nucleosomes were 
marked by H3K9ac (Fig. 1C). In contrast, when 
we treated cells with histone deacetylase (HDAC) 
inhibitors, the fraction of acetylated nucleosomes 
increased to 7% (Fig. 1, C and D). When we re- 
peated the analysis with recombinant unmod- 
ified nucleosomes, just 0.1% of nucleosomes 
scored (Fig. 1E and fig. S4). We also fluores- 
cently labeled antibodies to histone H3 lysine 4 
trimethylation (H3K4me3), lysine 27 trimethylation 
(H3K27me3), lysine 27 dimethylation (H3K27me2), 
and lysine 27 acetylation (H3K27ac); we confirmed 
their specificities by imaging unmodified recom- 
binant nucleosomes and marked peptides and 
by probing arrays of modified peptides (Fig. 1, E 
and F, and figs. S4 and S5). 

In embryonic stem cells (ESCs), developmen- 
tal gene promoters appear to be concomitantly 
marked by repressive (H3K27me3) and activat- 
ing (H3K4me3) histone modifications (8, 9). This 
bivalent chromatin state has been suggested to 
poise these genes for alternate fates, but this re- 
mains controversial (10). Sequential ChIP and IP 
mass spectrometry have provided evidence for 


the coexistence of the opposing marks (8, 17) but 
cannot definitely identify an individual bivalent 
nucleosome. We leveraged our single-molecule 
platform to quantify directly the coexistence of 
these key marks on nucleosomes derived from 
pluripotent ESCs, from ESCs differentiated to em- 
bryoid bodies (EBs), and from fully committed 
lung fibroblasts. 

We captured nucleosomes and determined their 
positions as described above, chemically cleaved 
their fluorophores, and incubated them simulta- 
neously with H3K4me3 (green) and H3K27me3 
(red) antibodies (figs. S6 and S7). TIRF imaging 
revealed that ~6.5% of nucleosomes from ESCs 
carried H3K27me3 (Fig. 2A and figs. S8 and S9). 
This fraction was somewhat higher in EBs and 
lung fibroblasts, consistent with previous find- 
ings that this repressive mark expands during 
differentiation (2). The fraction of nucleosomes 
marked by H3K4me3 was relatively constant (ESCs, 
~2%; EBs, ~1.6%; and lung, ~1.6%). Single-molecule 
counting revealed that 0.5% of nucleosomes in 
ESCs carried both marks and thus were truly 
bivalent (Fig. 2, A and D, and fig. S8). In contrast, 
in both EBs and fibroblasts, bivalent nucleosomes 
were much less prevalent and were depleted rela- 
tive to random expectation (Fig. 2A). 

A bivalent nucleosome could reflect either 
the symmetric co-occurrence of H3K4me3 and 
H3K27me3 on the same histone tail or asym- 
metric marking on opposite tails. To address this, 
we extracted individual histone molecules from 
ESCs, biotinylated them, spatially distributed 
them on our surface, and detected H3K4me3- and 
H3K27me3-modified tails (Fig. 2E). We found 
that 0.4% of H3K27me3-modified tails also car- 
ried H3K4me3. In comparison, just 0.04% of 
H3K27me3-modified tails scored for H3K27ac, 
a combination that is chemically prohibited (fig. 
S8). The 10-fold excess in the detection of bivalent 
H3 tails relative to the background suggests that 
symmetric bivalent nucleosomes do exist in ESCs. 
Nonetheless, we estimate that 94% of bivalent 
nucleosomes are asymmetric, whereas just 6% 
are modified on the same tail (fig. S8). 

Genomic loci marked by bivalent chromatin 
in ESCs are frequently deregulated in cancer cells 
(12). Moreover, the Polycomb and trithorax com- 
plexes that catalyze H3K27me3 and H3K4me3 
are often mutated in cancer (72). We therefore 
investigated these modifications in cancer cells 
(Fig. 2, B and C, and fig. S8). We detected bivalent 
nucleosomes in three cell lines that lack known 
Polycomb or trithorax mutations—T cell acute leu- 
kemia (DND-41), embryonic kidney (HEK293), 
and glioblastoma (GSC8)—at levels higher than 
in our differentiated models (EB and lung) but 
lower than in ESCs. When we examined a leu- 
kemia line (SKM-1) with a loss-of-function (LOF) 
mutation of the PRC2 subunit EZH2 (73), we ob- 
served very few H3K27me3-marked nucleosomes 
(~1%; Fig. 2C). We also examined a lymphoma cell 
line (Karpas422) with a gain-of-function (GOF) 
EZH2 mutation that increases its catalytic ac- 
tivity (J4); we detected H3K27me3 on ~15% of 
nucleosomes. Bivalent nucleosomes were preva- 
lent in the lymphoma cells, with roughly half 
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Fig. 1. Single-molecule 
detection of post- 
translational modifica- 
tions on nucleosomes. 
(A) Experimental 
approach. Step 1: 
Nucleosomes from 
cells are prepared by 
micrococcal nuclease 
digestion. The gel 
shows nucleosomal 
DNA fragments of 
expected lengths. 
Step 2: Free DNA ends 
are ligated to fluores- 
cent biotinylated oli- 
gonucleotide adaptors 
(Bio, biotin). Step 3: 
Adaptor-ligated 
mononucleosomes 
are purified on a glyc- 
erol gradient and 
captured on PEG- 
streptavidin—coated 
slides. Step 4: 
Nucleosome positions 
on the surface are 
imaged by TIRF 
microscopy, and the 
fluorophore is then 
cleaved from the adap- 
tor. Step 5: Attached 
nucleosomes are E 80 
incubated with 70 
fluorescently labeled 
antibodies to histone 
modifications. Time- 
lapse images detect 
repeated binding and 
dissociation events and 
are integrated to score 0 
modified nucleosomes. 

Throughout the dia- 

gram, red and green 

circles represent 

histone modifications, 
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and the corresponding stars represent fluorophores conjugated to antibodies 
or oligonucleotide adaptors. In (B) to (D), HEK293 cells were treated with HDAC 
inhibitor (HDACi) (NT, nontreated; h, hours). (B) Single-molecule detection of 
labeled nucleosomes (Alexa555, green) bound by labeled H3K9ac antibodies 
(Alexa647, red). (C) The percentage of nucleosomes marked by H3K9ac 
under each condition was determined by single-molecule counting (error 
bars, SD). (D) Western blot confirms increased H3K9ac in treated cells. In (E) 


and (F), recombinant unmodified nucleosomes and H3K27me3-modified 
peptide were probed with the indicated antibodies (Ab). (E) The percentage of 
bound nucleosomes or peptides detected. (F) Single-molecule detection of 
labeled H3K27me3 peptide [TAMRA (5-carboxytetramethylrhodamine) 
green] with labeled H3K27me3 antibodies (Alexa647, red) at a single time 
point. Single-letter abbreviations for the amino acid residues are as follows: 
A, Ala; G, Gly; K, Lys; L, Leu; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; and V, Val. 


of all H3K4me3-marked nucleosomes carrying 
H3K27me3 (Fig. 2, C and F, and fig. S8). The pro- 
portion of bivalent nucleosomes is about four- 
fold greater than expected from random overlap, 
suggesting that the mutant EZH2 preferentially 
catalyzes H3K27me3 on nucleosomes that are 
marked by H3K4me3. This is consistent with 
the increased H3K27me3 over active promoters 
that has been observed in EZH2 GOF lymphomas 
(15). When we treated these lymphoma cells with 
an EZH2 inhibitor (6), H3K27me3 was prefer- 
entially lost from bivalent nucleosomes (Fig. 2G). 
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This may reflect increased nucleosome turnover 
and/or preferential demethylation in such regions. 

We next explored higher-order combinations 
of H3K27ac [which marks active enhancers (2)], 
H3K27me2 [which marks intergenic regions (J7)], 
H3K4me3, and H3K27me3 (Fig. 3A and fig. S11). 
Monitoring of four or more histone modifica- 
tions on single nucleosomes was carried out 
in successive steps of antibody incubation and 
imaging, which were separated by a wash step to 
remove antibodies. Single-molecule counting re- 
vealed that the proportions of nucleosomes marked 


by each of the four modifications were similar 
between ESCs and lung fibroblasts, with the ex- 
ception that H3K27 methylations were modestly 
higher in the differentiated cells (Fig. 3A). When 
we considered these modifications in combination, 
however, we observed considerable differences 
between cell types (Fig. 3B and fig. S11). 

ESC chromatin was enriched for the bivalent 
combination and for the pairwise combination of 
the two active marks, H3K4me3 and H3K27ac. 
The other pairwise combinations were present 
in roughly the same proportions as would be 
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Fig. 2. Single-molecule imaging of symmetric and 
asymmetric bivalent nucleosomes. (A) We investi- 
gated modifications on nucleosomes from pluripotent 
ESCs, EBs, and lung fibroblasts. On the left, colored bars 
indicate percentages of nucleosomes with H3K27me3 
(red) or H3K4me3 (green) (error bars, SD). On the 
right, black bars indicate relative over- or underrepre- 
sentation of bivalent nucleosomes. Results on the right 
are presented as the log2 ratio of the observed pro- 
portion of bivalent nucleosomes to the proportion of 
nucleosomes with these two marks that would be 
expected from random association (the latter is cal- 
culated as the fraction with H3K27me3 multiplied by 
the fraction with H3K4me3; fig. S10). (B) Nucleo- 
somes from a Tcell acute lymphoblastic leukemia line, 
from HEK293 cells, and from glioblastoma stem cells 
were decoded as in (A). (©) Nucleosomes from an acute 
leukemia line with an EZH2 LOF mutation, a lymphoma 
line with an EZH2 GOF mutation, and the lymphoma 
cells treated with EZH2 inhibitor GSK126. (D) A mag- 
nified TIRF image overlay reveals three nucleosomes, 
one with H3K27me3 (red), one with H3K4me3 (green), 
and one with concomitant bivalent modifications (arrow). 
(E) The diagram and image show H3K27me3 and 
H3K4me3 antibodies binding to individual histones 
isolated from ESCs. 94% of bivalent nucleosomes are 
asymmetric, whereas just 6% are modified on the 
same tail. In (F) and (G), the lymphoma cell line with 
the EZH2 GOF mutation was treated with GSK126 for 
3 days. (F) Nucleosomes were decoded for H3K27me3 
and H3K4me3. The image shown is of pretreated sam- 
ples, with arrows highlighting bivalent nucleosomes. 
(G) Plot showing the percentages of H3K4me3-negative 
(H3K27me3 only; left) and H3K4me3-positive (bivalent; 
right) nucleosomes carrying H3K27me3 (error bars, 
SD). Bivalent nucleosomes were more likely to lose 
H3K27me3 after treatment with GSK126. 


Fig. 3. Higher-order modification states across cel- 
lular states and inhibitor treatments. (A) Individual 
nucleosomes from ESCs and lung fibroblasts were 
decoded for H3K4me3, H3K27me3, H3K27me2, and 
H3K27ac, as described in Fig. 1. Bars depict the per- 
centage of nucleosomes with the indicated modifi- 
cation (error bars, SD). (B) Bars indicate the relative 
over- or underrepresentation of each possible modi- 
fication pair, relative to random expectation, as in Fig. 
2A. Opposing modifications were relatively more likely 
to coexist in ESCs than in lung fibroblasts. (C) ESCs 
were treated with dimethyl sulfoxide (control), HDAC 
inhibitor (sodium butyrate), or p300 inhibitor (C646). 
Nucleosomes were isolated and decoded for H3K27me3, 
H3K4me3, H3K9ac, and H3K27ac. The plot shows the 
effects of the inhibitors on each single modification 
and on the combination of H3K27ac and H3K4me3. 
***P < 0.001. 
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Fig. 4. Single-molecule sequencing determines genomic positions of modified nucleosomes. 
(A) Experimental approach. Step 1: Nucleosomes are captured and probed for their modification state, as 
in Fig. 1A. Histones are evicted by increasing salt concentration. Step 2: The enzyme USER (uracil-specific 
excision reagent) is applied to excise uracil bases incorporated into the nonbiotinylated adaptor strand and 
expose a known sequence. Step 3: Complementary primer is hybridized to the adaptor. The image shows 
single-molecule detection of nucleosomal DNA (Alexa64/, red) and primer (Alexa555, green). Step 4: 
Direct single-molecule DNA sequencing-by-synthesis is performed (22). The images reflect two se- 
quencing cycles, covering the incorporation of thymine, the cleavage of the fluorophore and terminator, 
and the incorporation of cytosine. Step 5: For each x,y coordinate on the surface, sequence data are 
analyzed and integrated with the initial images that scored the antibody binding and modification states of 
the corresponding nucleosomes. (B) Single-molecule reads were aligned to the genome. The plot shows 
percentages of H3K27me3-modified nucleosome reads (detected) or unmodified nucleosome reads 
(undetected) that aligned to H3K27me3-enriched regions per conventional ChIP-seq. (C) Percentages of 
H3K4me3-modified nucleosome reads that aligned to H3K4me3-enriched regions per conventional ChIP- 
seq. (D) Gene annotations (blue) for the HOXC gene cluster are shown with H3K27me3 and H3K4me3 ChIP- 
seq tracks. Single-molecule reads that aligned to these regions are indicated, along with the modification 
status of the corresponding nucleosome. (E) Analogous data for other developmental loci for which 


bivalent nucleosomes were definitively identified. 


expected from chance overlap. The lung fibro- 
blasts were enriched for the pairwise combi- 
nation of active marks, like the ESCs, but not 
for the bivalent nucleosomes. However, the lung 
fibroblast chromatin was depleted for the other 
combinations (Fig. 3B), including the three pair- 
wise states for H3K27 modifications, which are 
by definition asymmetric. These distinct combi- 
natorial modification patterns probably relate to 
different chromatin environments in the respec- 
tive cell types, particularly the hyperdynamic 
nature of ESC chromatin (fig. $12) (78). 

We next examined how combinatorial chro- 
matin states change upon treatment with a 
pan-HDAC inhibitor or with a p300 histone acetyl- 
transferase inhibitor. HDAC inhibition signifi- 
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cantly increased levels of H3K9ac and H3K27ac, 
whereas p300 inhibition had the opposite effect 
(Fig. 3D and fig. S11). Neither treatment altered 
H3K4me3 or H3K27me3. However, the changes 
in histone acetylation occurred preferentially on 
nucleosomes with specific markings. In the case 
of HDAC inhibition, increased acetylation pref- 
erentially affected H3K4me3-marked nucleosomes, 
consistent with the modulation of acetylation 
levels by HDACs at active promoters (19). In con- 
trast, H3K4me3-marked nucleosomes were less 
affected by p300 inhibition, consistent with a role 
for this enzyme at enhancers (20). 
Phosphorylation of the histone variant H2Ax 
(yH2Ax) is one of the earliest and best-studied 
marks of DNA damage. We therefore examined 


H2Ax levels on individual nucleosomes extracted 
from ESCs. We found that ~2% of the nucleo- 
somes contained yH2Ax at baseline (fig. S13). 
Combinatorial analysis revealed that yYH2Ax 
was specifically enriched on nucleosomes with 
activating marks (H3K27ac and H3K4me3). Treat- 
ment with HDAC inhibitors led to concomitant 
increases in acetylation and yH2Ax levels, con- 
sistent with studies documenting high baseline 
levels of yH2Ax associated with decondensed 
chromatin in ESCs (21). 

Last, we used single-molecule sequencing tech- 
nology to read the DNA associated with each in- 
dividual nucleosome (Fig. 4A and fig. S14). We 
captured adaptor-ligated nucleosomes from ESCs 
and queried their H3K27me3 and H3K4me3 sta- 
tus. We then displaced the histone octamers, leav- 
ing behind double-stranded nucleosomal DNA. 
We enzymatically cleaved the uracil bases that 
were incorporated into the nonbiotinylated strand 
of the adaptor, exposing a known sequence that 
was used as a priming site for single-molecule 
sequencing-by-synthesis (22). We used TIRF mi- 
croscopy to detect repeated cycles of base addition, 
separated by chemical cleavage of the fluorescent 
label and terminator. 

Integration of TIRF images for antibody-based 
detection of modifications with subsequent se- 
quencing reaction data collected on the same 
flow cell allowed us to coordinately determine the 
modification state and DNA sequence of each nu- 
cleosome (Fig. 4). More than 80% of the ~300,000 
reads aligned to the mouse genome. We then 
compared the genomic localization of individual 
nucleosomes with their modification states. Of 
the ~26,000 reads for which the corresponding 
nucleosomes scored positively for H3K27me3, 45% 
aligned to genomic regions within H3K27me3 
ChIP sequencing (ChIP-seq) peaks (Fig. 4B). This 
is consistent with the 30 to 50% of reads that 
map to enriched intervals in a typical H3K27me3 
ChIP-seq experiment. In comparison, just 12% 
of H3K27me3-negative nucleosomes aligned to 
H3K27me3 ChIP-seq peaks. In a subset of these 
experiments, we probed the sequenced nucleo- 
somes for both H3K27me3 and H3K4me3, yield- 
ing ~1000 aligned reads for concomitantly marked 
molecules and thus providing the first definitive 
localization of individual bivalent nucleosomes 
(Fig. 4, D and E). 

We have taken a critical step toward defining 
the nature and importance of combinatorial chro- 
matin modifications. We used single-molecule 
technology to decode concurrent modifications 
on individual nucleosomes and sequence the as- 
sociated DNA. We identified individual bivalent 
nucleosomes with concomitant repressive and 
activating marks and mapped their genomic lo- 
cations. We also documented other combinatorial 
modification states whose proportions change 
during cellular specification or upon treatment 
with epigenetic inhibitors. The single-molecule 
assay that we describe here requires little start- 
ing material and is highly scalable, given that 
many millions or even billions of nucleosomes 
may be decoded and sequenced in an automated 
imaging run. 
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CELL BIOLOGY 


Microtubule doublets are double-track 
railways for intraflagellar 


transport trains 


Ludek Stepanek and Gaia Pigino* 


The cilium is a large macromolecular machine that is vital for motility, signaling, and 
sensing in most eukaryotic cells. Its conserved core structure, the axoneme, contains nine 
microtubule doublets, each comprising a full A-microtubule and an incomplete 
B-microtubule. However, thus far, the function of this doublet geometry has not been 
understood. We developed a time-resolved correlative fluorescence and three-dimensional 
electron microscopy approach to investigate the dynamics of intraflagellar transport (IFT) 
trains, which carry ciliary building blocks along microtubules during the assembly and 
disassembly of the cilium. Using this method, we showed that each microtubule doublet is 
used as a bidirectional double-track railway: Anterograde IFT trains move along 
B-microtubules, and retrograde trains move along A-microtubules. Thus, the microtubule 
doublet geometry provides direction-specific rails to coordinate bidirectional transport of 


ciliary components. 


he cilium is a conserved organelle that 

plays a fundamental role in signaling, sen- 

sing, and motility. Cilia have a complex 

microtubule-based structure that is not 

found in other cellular compartments. This 
structure includes nine peripheral microtubule 
doublets, each comprising a complete A-tubule 
and an incomplete B-tubule. However, the func- 
tion of this distinctive conserved geometry has 
so far been unknown. 

In addition to serving as platforms for peri- 
odically arranged axonemal proteins and protein 
complexes, ciliary microtubule doublets function 
as railways for intraflagellar transport (IFT), the 
process required for the assembly and disassembly 
of the cilium (7). Large protein complexes, known 
as IFT trains (2, 3), rapidly traverse up and down 
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the cilium to move ciliary building blocks be- 
tween the cell body and the ciliary distal tip 
(4-7), where the assembly of the cilium takes 
place. Electron microscopy (EM) shows that 
IFT trains move along the doublets while keep- 
ing contact with the ciliary membrane (2, 3, 8). 
It has thus far been unclear, however, how the 
IFT machinery is organized to avoid collisions 
between anterograde and retrograde trains. 

In trypanosome flagella, anterograde IFT trains 
move at different speeds and can approach each 
other and fuse, similar to trains shunting, sug- 
gesting that anterograde trains might travel on 
a restricted set of axonemal microtubule doublets 
(9). No such interactions are observed between 
retrograde trains, nor do trains moving in oppo- 
site directions collide. To further analyze the dy- 
namics and potential interactions of IFT trains 
in cilia, we imaged green fluorescent protein 
(GFP)-tagged trains in Chlamydomonas cells by 
means of total internal reflection fluorescence 
(TIRF) microscopy (fig. S1 and movies SI, S2, 


and S3). As expected, we observed anterograde- 
anterograde and retrograde-retrograde train in- 
teractions. Typically, a faster train caught up with 
a slower one moving in the same direction and 
both would then progress together at the same 
speed (fig. S1 and movies S2 and S3). Thus, it ap- 
pears that IFT trains moving in the same direc- 
tion often share the same microtubule rail. We 
never observed collisions between trains that 
traveled in opposite directions (supplementary 
text). Because oppositely directed trains passed by 
each other without changes in the direction of 
motion (fig. S1), a mechanism must exist to pre- 
vent collisions. 

Although it is possible that trains could switch 
to another microtubule when they encounter a 
train moving in the opposite direction, this would 
be predicted to cause deceleration, which was not 
evident in our kymographs (see also the supple- 
mentary text). In trypanosomes, IFT trains avoid 
microtubule doublets that contact the paraflagel- 
lar rod (JO), raising the possibility that IFT trains 
can recognize specific microtubule doublets. This 
could allow anterograde and retrograde trains to 
use different axonemal microtubules. However, 
the resolution required to test this hypothesis 
cannot be achieved with TIRF microscopy. Only 
EM offers sufficient resolution to see detailed 
interactions between IFT trains and microtubules. 
Previous EM work, comparing IFT trains from 
flagella of wild-type cells and from those of 
mutant cells with defective IFT, has suggested 
that anterograde and retrograde trains can be 
distinguished on the basis of ultrastructure and 
size (8). Long and short IFT trains have been 
proposed to be associated with anterograde and 
retrograde transport, respectively (8). However, 
the lack of dynamic information has precluded 
a definitive interpretation of the directionality 
of IFT trains. 

To overcome the technical limitations of static 
EM, we developed a correlative light and EM 
(CLEM) approach. Because the currently available 
CLEM techniques (/7) do not provide sufficient 
spatiotemporal resolution to analyze IFT trains, 
which move at 2.5 to 4 um/s, we developed a novel 
method that allows millisecond resolution in cor- 
relative TIRF and three-dimensional (3D) EM 
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Fig. 1. Time-resolved CLEM of complete flagella. (A) Diagram of a Chlamydom- 
onas cell with flagella in the gliding position. The area in the rectangle is 
enlarged in (G). (B) Kymograph showing fixation during live-cell imaging of 
Chlamydomonas (IFT27-GFP strain). Magenta arrowheads indicate the time 
point of glutaraldehyde addition. (C) TIRF microscopy image of the positions 
of IFT trains after fixation. (D) Each IFT train was color-coded according to 
the direction of movement: anterograde, green; retrograde, magenta; and 
standing, yellow. Intensity and contrast were adjusted separately for each 
fluorescent particle. (E) Longitudinal section through the cilium 3D reconstruc- 
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tion, assembled from 12 tomograms. (F) Overlay of fluorescence and EM images 
on the section shown in (E). The area in the rectangle is enlarged in (H). (G) 
Diagram of anterograde and retrograde trains traveling along microtubule 
doublets. The plane of the virtual slice in (H) is marked. (H) Virtual slice through 
the tomogram, containing an anterograde IFT train (m, membrane; mtd, 
microtubule doublet; cp, central pair microtubule; ift, IFT train). Throughout, 
plus signs indicate flagellar tips. EM virtual slice thickness, 7 nm; vertical 
scale bar, 2 s (B); horizontal scale bars, 2 um [(B) to (F); the scale bar in (C) 
also applies to (B)] and 50 nm (H). 
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(Fig. 1 and fig. $2). Briefly, a Chlamydomonas 
cell in gliding position was rapidly fixed with 
glutaraldehyde during time-lapse TIRF imaging 
of GFP-tagged IFT trains in the cilium (Fig. 1, B 
and C, and movie $4). In this way, the position of 
each fixed IFT train could be cross-referenced to 
its direction of movement just before fixation (Fig. 
1D). In addition to anterograde trains (shown in 
green in Fig. 1D) and retrograde trains (shown in 
magenta in Fig. 1D), we also observed trains that 
did not move in the cilium during TIRF acquisi- 
tion (shown in yellow in Fig. 1D). The same cell 
was then prepared for electron tomography, using 
a modification of the flat embedding protocol 
(8, 12). Areconstruction of the 3D structure of the 
entire cilium was then obtained by stitching to- 
gether several tomograms (Fig. 1E). This provided 
an overview of the complete cilium and offered 
sufficient spatial resolution to observe the struc- 
tural details of each train and its interaction with 
microtubules. Last, correlation of light microscopy 
(LM) movies and electron tomograms (materials 
and methods and fig. S2) allowed us to identify 
anterograde and retrograde trains unambiguously 
in a complete flagellum (Fig. 1, F and H) and de- 
scribe their ultrastructure. 

In contrast to previous studies (8), our CLEM 
analysis revealed that anterograde and retrograde 
trains are of similar length (Fig. 2, B and D, and 
fig. S3, A to H). We measured a mean length of 
233 nm (SD = 73 nm, n = 50) for anterograde 
trains and 209 nm (SD = 41 nm, 7 = 27) for ret- 
rograde trains (Fig. 2 and fig. S4). Nevertheless, 
anterograde and retrograde trains could be dis- 
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tinguished by their distinctive appearance (Fig. 
2, A to D, and fig. S3, A to H). The morphology of 
the anterograde trains corresponded to that of 
those previously described as short trains (8) and 
has often been observed in electron micrographs 
of IFT trains (2, 13). The anterograde trains ap- 
peared as compact electron-dense structures with 
clearly defined boundaries. In most of the 3D 
reconstructions of anterograde IFT trains, the 
main body of the train had repeating units, pos- 
sibly IFT complexes, with a periodicity that ranged 
between 8 and 16 nm (Fig. 2B and fig. S3A). A 
characteristic feature of these trains was a straight 
plate-like structure at the interface between the 
train and the microtubule (Fig. 2, A and B; fig. $3, 
A to D; and movie S5). The structure of the ret- 
rograde trains appeared less condensed and less 
regular (Fig. 2, C and D; fig. S3, E to H; and movie 
S6), although in some tomograms, we observed 
repeating structures (fig. S3, E and F) with a simi- 
lar periodicity to that previously reported for 
so-called long trains (8). The ultrastructure of 
these trains has not been reported in the litera- 
ture, probably because it is not distinctive enough 
to be recognized as related to IFT without a 
CLEM approach. 

We also identified another class of IFT train, 
which differed from anterograde and retrograde 
trains in both motility and morphology. These 
static trains appeared as bright standing par- 
ticles along the cilium in TIRF microscopy (Fig. 
1, B to D) and were 650 nm long in EM images 
(SD = 106 nm, n = 9) (fig. S4), with a regular 
40-nm periodicity (Fig. 2F; fig. $3, I to K; and 


Fig. 2. Morphology of anterograde, retrograde, 
and standing trains. (A) Anterograde train in 
cross-sectional view and (B) longitudinal view. 
(C) Retrograde train in cross-sectional view and 
(D) longitudinal view. (E) Standing train in cross- 
sectional view and (F) longitudinal view. Arrow- 
heads show the borders of IFT trains. Scale bars, 
50 nm [(A) to (E)] and 100nm (F). Virtual slice 
thicknesses, 105 nm [(A), (C), and (E)], 70 nm 
[(B) and (D)], and 10 nm (F). Cross-sectional 
views [(A), (C), and (E)] are shown in proximal- 
to-distal orientation. Proximal (—) and distal (+) 
regions [(B), (D), and (F)] are indicated in (B). 
The position of the glass slide is indicated in (A). 


movie S7). Their ultrastructure and size clearly 
resembled the morphology of the long trains de- 
scribed previously (8). Our findings can thus be 
used to classify anterograde, retrograde, and 
standing IFT trains based on the correlation 
of ultrastructure and dynamics. 

Next, we addressed the hypothesis that an- 
terograde and retrograde trains avoid collisions 
by using different microtubule doublets. We first 
numbered the doublets (/4) and then analyzed 
the positions of IFT trains in the flagellum. An- 
terograde and retrograde trains could share the 
same microtubule doublet (Fig. 3, A and I), leav- 
ing open the question of how collisions between 
trains that move in opposite directions are avoided. 
To answer this question, we carried out a more 
detailed analysis of the localization of the trains 
on the microtubule doublet. Only anterograde 
trains were associated with the B-microtubule 
(Fig. 3, A, B, D, E, F, and I, and fig. $5), and only 
retrograde trains were associated with the A- 
microtubule (Fig. 3, A, C, D, G, H, and I, and fig. 
S5). To confirm these observations and obtain 
more detailed 3D images of the connections be- 
tween IFT trains and microtubules, we performed 
the same CLEM technique on cross sections of 
the cilium. With this approach, we observed clear 
connections (possibly representing the positions 
of the motors) between A-microtubules and ret- 
rograde trains and between B-microtubules and 
anterograde trains (Fig. 3, E to H). Thus, col- 
lisions between anterograde and retrograde IFT 
trains are prevented by direction-specific usage of 
the two microtubules in a doublet (fig. S6). 
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Fig. 3. Anterograde and retrograde trains use different microtubules in the same doublet. 
(A) Segmentation of an axoneme, showing anterograde and retrograde trains moving simultaneously 
on microtubule doublet 9. IFT trains are not shown on doublets 2 to 8 for clarity. (B) Average of 50 
anterograde train positions on the doublet. The A- and B-microtubules are indicated. (C) Average of 
27 retrograde train positions on the doublet. (D) Overlay of (B) and (C), showing the position of 
anterograde (green) and retrograde (magenta) trains with respect to the microtubules of the 


doublet. (E to I) Virtual slices through a cross-sectional tomogram, showing [(E) and (F)] anterograde 
trains (black arrowheads) connecting to the B-microtubule, [(G) and (H)] retrograde trains (black arrowheads) connecting to the A-microtubule, and (1) 
anterograde trains (green arrowheads) and retrograde trains (magenta arrowheads) stopped next to each other on the same doublet. Scale bars, 250 nm 
(A), 25 nm [(B) to (H)], and 50 nm (I). Virtual slice thickness, 7 nm. Cross-sectional views [(B) to (1)] are shown in proximal-to-distal orientation. 


It is well known that anterograde and retro- 
grade IFT trains use different molecular motors 
to move along microtubules. Whereas retrograde 
trains use dyneins, anterograde trains use kinesin- 
II motors (3, 15, 16). Our data therefore suggest 
that these specific motors must recognize A- and 
B-microtubules, respectively. One possibility could 
be that they recognize differences in the arrange- 
ment of o- and B-tubulin. However, this possibility 
seems to be ruled out by recent findings that 
A- and B-microtubules have the same tubulin 
arrangement, know as a B-lattice (17). An alter- 
nate possibility could be that IFT trains recog- 
nize specific posttranslational modifications on 
A- versus B-microtubules, similar to the mech- 
anisms controlling the selective transport of 
cargos along axonal versus dendritic microtubules 
in mammalian axons (J8). The human IFT antero- 
grade motor kinesin-II has exhibited a differ- 
ential response to posttranslational modifications 
of tubulin in a reconstituted in vitro system (19). 
Furthermore, differences have been reported in 
the posttranslational modification of A- and B- 
microtubules (20). This might contribute to the 
efficiency of IFT by providing optimized tracks 
for kinesin and dynein motors in addition to 
the IFT train segregation. Nevertheless, the ef- 
fect of such modifications on the control of IFT 
in vivo remains unclear. Alternatively, a specific 
molecular machinery to direct trains to the cor- 
rect microtubule could be present at the base 
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and tip of the axoneme. More complex motor 
regulation could be necessary in the sensory 
cilia of Caenorhabditis elegans, where the B- 
microtubules do not extend beyond the middle 
segment of the flagellum. There, the kinesin-II 
moves only in the middle segment, and an ad- 
ditional motor, OSM-3, is required to bring cargo 
to the tip along the A-microtubules (2/, 22). 
Regardless of the mechanisms involved in the 
recognition of the microtubules by the motors, 
our work highlights the critical role played by 
microtubule doublets in the assembly of cilia. 
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PROTEIN STRUCTURE 


Femtosecond structural dynamics 
drives the trans/cis isomerization in 
photoactive yellow protein 
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A variety of organisms have evolved mechanisms to detect and respond to light, in which the 
response is mediated by protein structural changes after photon absorption. The initial step 
is often the photoisomerization of a conjugated chromophore. Isomerization occurs on 
ultrafast time scales and is substantially influenced by the chromophore environment. Here 
we identify structural changes associated with the earliest steps in the trans-to-cis 
isomerization of the chromophore in photoactive yellow protein. Femtosecond hard x-ray 
pulses emitted by the Linac Coherent Light Source were used to conduct time-resolved serial 
femtosecond crystallography on photoactive yellow protein microcrystals over a time range 
from 100 femtoseconds to 3 picoseconds to determine the structural dynamics of the 


photoisomerization reaction. 


rans-to-cis isomerization constitutes a major 
class of chemical reactions of critical im- 
portance to biology, an example of which is 
the light-dependent isomerization of a reti- 
nal chromophore that underlies vision (7). 
Because isomerization occurs on the femtosecond 
to picosecond time scale, ultrafast time-resolved 
methods are necessary to follow the reaction in 
real time. The spectral response after photon ab- 
sorption reveals the dynamics of the molecules 
involved (2-5) but does not directly observe the 
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associated structural changes, which have to be 
inferred by computational approaches (6). Until 
recently, it has been impossible to directly deter- 
mine the structure of molecules on ultrafast time 
scales. With the recent availability of hard x-ray 
pulses on the femtosecond time scale emitted by 
free electron laser (FEL) sources such as the 
Linac Coherent Light Source (LCLS), the ultra- 
fast femtosecond-to-picosecond time scale has 
become experimentally accessible (7-11). Photo- 
chemical reactions (12) are initiated by photon 
absorption, which promotes electrons into the ex- 
cited state. Thereafter, the nuclei experience and 
the structure evolves on the excited state poten- 
tial energy surface (PES) (13, 14). The shape of the 
surface controls the subsequent nuclear dynam- 
ics. After returning to the ground state PES, the 
reaction continues and is driven thermally. Al- 
though structures of longer-lived excited state in- 
termediates have been characterized with ~100-ps 
time resolution at synchrotrons (15-19), the femto- 
second structural dynamics of ultrafast photo- 
chemical reactions can only be investigated with 
an x-ray FEL (7). The photoactive yellow protein 
(PYP) is an ideal macromolecular system with 
which to investigate ultrafast trans-to-cis isomer- 
ization. Its chromophore, p-coumaric acid (pCA), 
can be photoexcited by absorbing a photon in the 
blue region of the spectrum. Upon photon absorp- 
tion, PYP enters a reversible photocycle involving 
numerous intermediates (Fig. 1A). The primary 
photochemical event that controls entry into the 
photocycle is the isomerization of pCA about its 


C,=C; double bond (see Fig. 1B for the pCA geom- 
etry). The pCA chromophore remains electroni- 
cally excited for a few hundred femtoseconds 
(3, 5, 20). Excited state dynamics is thought to 
drive the configurational change from trans to cis 
(3, 21). The chromophore pocket within the PYP 
protein is sufficiently flexible to allow certain rel- 
atively large atomic displacements, but also im- 
poses structural constraints that may affect the 
pathway and dynamics of isomerization (22, 23). 
In particular, the pCA chromophore is constrained 
by a covalent bond to the Cys® side chain of PYP 
(Fig. 1B), by unusually short hydrogen bonds be- 
tween its phenolate oxygen and nearby glutamate 
and tyrosine side chains (24), and by a hydrogen 
bond between the carbonyl oxygen of its tail and 
the main-chain amide of Cys®. 

Previously, we showed that time-resolved pump- 
probe serial femtosecond crystallography (TR-SFX) 
could be successfully carried out on PYP on the 
nanosecond-to-microsecond time scale. Differ- 
ence electron density (DED) maps of very high 
quality, which compare the structures before (dark) 
and after (light) absorption of a photon (25), were 
obtained at near-atomic (1.6 A) resolution. These 
experiments used a nanosecond laser pulse to ini- 
tiate isomerization and subsequent structural 
changes. An overall reaction yield as high as 40% 
(25) could be reached. However, achieving femto- 
second time resolution requires that a femtosecond 
pump laser pulse be used, which restricts the re- 
action yield to the much lower value of the primary 
quantum yield (around 10%) and correspondingly 
reduces the structural signal. The energy of femto- 
second pulses (i.e., the number of photons per 
pulse) must also be limited to avoid damaging ef- 
fects from their significantly higher peak power. 
Here, we present results of TR-SFX experiments 
covering the time range from 100 fs to 3 ps. We 
directly followed the trans-to-cis isomerization of 
the pCA chromophore and the concomitant struc- 
tural changes in its protein environment in real 
time. Full details of the experiment and data anal- 
ysis are provided in the supplementary materials 
(SM). Light-initiated structural changes in PYP 
were investigated at the Coherent X-ray Imaging 
(CXI) instrument of the LCLS (26). Electronic exci- 
tation was initiated in microcrystals of PYP by 
femtosecond pump laser pulses [wavelength (A) = 
450 nm]. Permanent bleaching of the chromophore 
was avoided by limiting the laser pulse energy to 
0.8 mJ/mm? (5.7 GW/mm”). Laser pulse duration, 
spectral distribution, and phase were character- 
ized by second harmonic generation frequency- 
resolved optical gating (SHG-FROG) (27). The pulse 
duration was 140 + 5 fs and had both positive 
group delay dispersion and third-order disper- 
sion to maximize the conversion to the excited 
state (28). Offline spectroscopic experiments on 
thin crushed crystals of PYP had established that 
photoexcitation with femtosecond laser pulses 
under comparable conditions could be as high as 
10% without inducing damage (SM). The struc- 
tural changes induced by the laser pulse were 
probed with 40-fs x-ray FEL pulses at 9 keV (1.36 A). 
Both the pump-probe and the reference x-ray 
diffraction data were collected at the full 120-Hz 
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pulse repetition rate of the LCLS to a resolution 
of 1.6 and 1.5 A, respectively. To address concerns 
that the detector response might be influenced 
by the stray light of the intense femtosecond laser 
pulse, the reference data were collected as a 
negative time delay, where the femtosecond laser 
pulse arrived 1 ps after the x-ray pulse. 

To assess whether femtosecond laser pulses ex- 
cited a sufficiently large number of molecules 
under these experimental conditions, we first per- 
formed a positive control experiment with a 200-ns 
pump-probe time delay, where large structural 
differences between the light and dark states have 
been well characterized (25, 29). From the pump- 
probe TR-SFX data and the reference data, DED 
maps were calculated (SM). Figure 1C shows that 
the femtosecond laser pulses are able to initiate 
sufficient entry into the photocycle to produce 
strong, chemically meaningful features. The 200-ns 
DED map is essentially identical to maps deter- 
mined earlier at both the LCLS (25) and at BioCARS 
(29) at a time delay of 1 us, and can be interpreted 
with the same mixture of intermediates, pR, and 
PR». The extent of reaction initiation is 12.6% as 
determined by fitting a calculated “pR; + pRy mi- 
nus pG” difference map to the 200-ns DED map, a 
value which agrees with the maximum extent of 
excitation determined spectroscopically (7 to 10%). 
The femtosecond time scale was explored by using 
nominal settings for the time delay of 300 and 
600 fs. The timing jitter between the 140-fs laser 
pump and 40-fs x-ray probe pulses is ~280 fs (8). 
The jitter was measured for every x-ray pulse by a 
timing tool (30, 31), which was combined with 
adjustments that take longer-term experimental 
drift into account (SM). Thus, each individual dif- 
fraction pattern was associated with a definite 
“time stamp.” However, due to the drift, the time 
stamps were non-uniformly distributed in time 
(fig. S1). Because the quality of structure ampli- 
tudes and of the DED maps derived from them 
depends on the number of diffraction patterns, 
indexed time-stamped diffraction patterns were 
binned into eight different pump-probe delays 
with about the same number of patterns (40,000) 
in each bin, spanning the time range from 100 to 
1000 fs (table SIB). A set of diffraction patterns at 
a time delay of 3 ps was also collected. Because 
the jitter and drift are much smaller than the 
delay, time stamping was not necessary for the 3-ps 
or 200-ns delays. The values of R-split (table S1) 
for all data sets are 7.5 to 9.9%, which indicates 
the high quality of the diffraction data and re- 
sults in DED maps of comparable good quality 
for all delays. Maps at seven time delays are shown 
in Fig. 2. Visual inspection of these maps reveals 
an important qualitative result. The features in 
all maps at delays less than 500 fs are similar 
(compare Fig. 2, A to C), and features in all maps 
at delays greater than 700 fs are also similar 
(compare Fig. 2, D to G) but differ from those in 
the first set. Consequently, there must be a struc- 
tural transition between the 455- and 799-fs time 
delays that gives rise to the two distinct sets of 
features. 

To identify with more precision the time delay 
at which this transition occurs, the time-stamped 
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diffraction patterns were re-binned into 16 nar- 
rower time bins with about 20,000 patterns in 
each bin (table S1A). The resultant time series of 
16 DED maps in the femtosecond time range 
(together with the map for the 3-ps time delay) 
were subjected to singular value decomposition 
(SVD; fig. S2B) (32). The volume occupied by the 
pCA chromophore, the Cys® sulfur, and the Glu*® 
carboxyl was included in the analysis. When a 
time series exhibits a change, a corresponding 
change should be even more readily recognizable 
in the right singular vectors (rSVs). This change 
is evident in the magnitude of both the first and 
second rSVs around 550 fs (red arrow in fig. S2B). 
The substantial increase in the magnitude of the 
first rSV after 155 fs (fig. S2B) shows the earliest 
(fastest) evolution of the structure after excitation. 
We tentatively associate the structural transition 
at around 550 fs, which is qualitatively evident 
from inspection of the DED maps and more quan- 
titatively in their SVD analysis, with the trans-to-cis 
isomerization of the pCA chromophore. The tran- 
sition occurs within ~180 fs (fig. S2B), but its 
exact duration needs to be further established. 
Rate kinetics would require that after a ~500-fs 
dwell time, the transition time would be stretched 
beyond the bandwidth-limited rate. Yet the ob- 
served transition time matches the experimental 
bandwidth of 3.15 THz. Therefore, the ensemble 
phase relation imparted by the optical pulse ap- 
pears to be maintained for the duration of the 
dwell time, which may be supported by coherent 
motion. Although no oscillatory motion was de- 
tected in the TR-SFX data (they may be masked 
by the non-uniform data sampling), the time de- 
lay is, however, within the vibrational dephasing 
time of the PYP S; state (3) and ground state 
modes in proteins (33). We further propose that 
at ~550 fs, the system lies at or very close to a 
conical intersection (20) (fig. S8), a branch point 
from which molecules either continue toward the 
cis configuration and enter the photocycle, or 
revert to the trans configuration and return to 
the resting (dark) state. 

To identify the isomerization, refined struc- 
tures before and after the transition are required. 
Initially, data from bins with 40,000 indexed dif- 
fraction patterns each were used, and preliminary 
PYP structures were refined against these data. 
Refinement details are in the SM. The three bins 
with the shortest delays can be interpreted as 
having chromophores in a twisted trans configu- 
ration (Fig. 2, A to C). After 700 fs, the configu- 
ration is near cis (Fig. 2, D and E). The time 
course of the refined ¢,,i) torsional angles can be 
fit with a transition time identical to that observed 
in the second rSV (Fig. 3). We took advantage of 
the similarity of the DED maps for extended time 
ranges before and after the transition to further 
increase the accuracy of the refined structures. 
We combined the diffraction patterns into two 
bins: the fast time scale (100 to 400 fs, with 
81,237 patterns) and a slower time scale (800 to 
1200 fs, with 157,082 patterns) (table SIC). We re- 
fined the structure denoted PYP,, against the 
100- to 400-fs data, and that denoted PYPgow 
against the 800- to 1200-fs data. The refinement 


statistics are presented in table S2. The DED maps 
are shown in insets in Fig. 3 (see also fig. S9, B and 
D), with the corresponding refined structures of 
PYP,,5, and PYPgow in pink and light green, respec- 
tively. The 3-ps DED map and the refined PYP3,,, 
structure are shown in Fig. 2G. We used as many 
diffraction patterns as possible to refine PYP.oy, 
(fig. S12, B and D) and PYP3,,, because at the tran- 
sition, roughly 30% of the excited molecules return 
directly to the dark state, no longer contribute to 
the DED maps, and reduce the signal. We empha- 
size that the refinement of transient structures 
populated on an ultrafast time scale is challenging, 
because these structures are very far from equi- 
librium and likely to be highly strained. Restraints 
in standard libraries are derived from structures 
at equilibrium and are therefore not applicable. 
In order to provide restraints more appropriate 
for this refinement, we used excited state quantum 
mechanics/molecular mechanics (QM/MM) calcu- 
lations on PYP (20, 34) (SM). In addition, we used 
an iterative procedure, in which improved dif- 
ference phases “"°"* were obtained and used 
with observed difference structure factor ampli- 
tudes during refinement (SM). The structural 
results of the refinement are summarized in 
Table 1. For the shortest time delays (up to about 
450 fs), the PYP chromophore tail adopts a highly 
strained, twisted trans configuration, in which 
the C,-C,=C3-C; torsional angle 6,3 (Shown by the 


A ns 
pR 0 us 
fs/ps ns ce ee 
pG — pRo/lz—> leq —> PRx50 us 
50 ms 


Cys-69 Cg, 


Fig. 1. Structural dynamics of PYP. (A) The PYP 
photocycle from the perspective of a time-resolved 
crystallographer. Approximate time scales are given. 
The femtosecond/picosecond time scale (in red) is 
structurally charted in this paper. (B) The chemical 
structure of the pCA chromophore. The red line 
marks the four atoms that define the torsional 
angle ai) about the C2=C3 bond. (C) Results of the 
positive control experiment at a 200-ns time delay. 
Reaction was initiated by femtosecond laser pulses. 
Negative (red) and positive (blue) DED features on 
the —30/3o level. A mixture of the pR; (magenta) 
and pRo (red) structures is present. Main signature 
of pR,: features Bl and 62. Main signature of pRo: 
features yl and y2. The structure of PYP,e¢ (dark) is 
in yellow. 
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red line spanning these four atoms in Fig. 1B) is 
~140° The position of the C2 = C3 double bond in 
PYPyst is displaced by ~1 A behind the chro- 
mophore plane (loosely defined by the Cys® sulfur, 
the tail carbonyl oxygen, and the atoms of the 
phenyl ring; Fig. 2, A to C). Hydrogen bonds to 
Glu and Tyr”, which are unusually short in the 
reference (dark) structure (24), are substantially 
elongated from 2.5 to 3.4 A (Table 1). This struc- 
ture is primed for the transition to cis. During the 
structural transition, substantial rotation about 
the double bond takes place. The head of the 
chromophore pivots about tail atom C, and 
thereby aligns the C,C; bond along the tail axis. 
Simultaneously, the head rotates about the C3 - Cy 
single bond. (The complex motions can be effec- 
tively illustrated by using an educator’s stick 
model set, see fig. S3). The phenolate oxygen (Fig. 
1B, Ox) moves even further away (3.6 A, Table 1) 
from Glu*® (Fig. 2, D to F, and fig. S9, C and D), 
thereby breaking the hydrogen bond. At time 
delays longer than about 700 fs, oa has decreased 
to ~50° (PYP.ow, Fig. 3), which is characteristic of 
acis configuration. PYP.j5w relaxes further toward 
the 3-ps structure (PYP3ps), in which the hydroxyl 
oxygen of the head reestablishes its hydrogen 
bond with Glu*® (Fig. 2G). 6, changes slightly to 
~35°. The PYP3,,. structure is already very similar 
to the early structures derived with 100-ps time 
resolution by independent synchrotron-based ap- 


proaches (Table 1; Protein Data Bank entries 4138 
and 4B90) (22, 23) and has evolved only slightly 
from PYP.oy by establishing shorter hydrogen 
bonds to Tyr*’ and Glu*®. 

The structures derived from the refinements 
confirm that the transition at around 550 fs is in- 
deed associated with a trans-to-cis isomerization. 
Theoretical considerations (20) (fig. S8) suggest 
that during isomerization, the PYP chromophore 
relaxes through a conical intersection between the 
electronically excited state PES and the ground 
state PES. Accordingly, structures between 100 and 
400 fs can be identified as electronically excited, 
whereas the structures at time delays >700 fs can 
be identified with the electronic ground state. In 
both the excited and ground states, structural 
changes (i.e., translation of atoms) may also have 
occurred. Our experiments identified the ultra- 
fast dynamics of both the excited state structures 
and the ground state structures (Figs. 2 and 3). 
Because we restricted our pump laser pulses to 
moderate power, we avoided damaging nonlinear 
effects (e.g., two-photon absorption), and most 
excited molecules populate the excited state sur- 
face S, (5). Part of the stored energy is used to 
rapidly displace the chromophore by about 0.7 A 
within the crowded molecular environment in 
the interior of PYP (Fig. 2A and Table 1). If this 
initial displacement is complete after 250 fs, the 
chromophore must have experienced an acceler- 


ation of ~2 x 10" m/s” and attains a final velocity 
of 500 m/s (SM). Figure 1B shows that nine carbon 
atoms, two oxygen atoms, and seven hydrogen 
atoms (molecular mass = 147 g/mol) are displaced. 
During the first few hundred femtoseconds, the 
force on the chromophore is ~500 pN, which is 
enormous compared to forces in single molecules 
at thermal equilibrium, which are usually only a 
few piconewtons (35). The origin of the force is 
due to the change of the potential energy surface 
when the chromophore is excited to the electron- 
ic excited state, which affects the intra- and inter- 
molecular interactions of the chromophore as also 
inferred from ultrafast Raman spectroscopy (3). 
The energy required to displace the chromophore 
is ~0.2 eV, which is ~10% of the blue photon 
energy (2.76 eV) that starts the reaction. It ap- 
pears that by rapidly evolving down the excited 
state PES, part of the photon energy is initially con- 
verted into kinetic energy, which is then released by 
collision of the chromophore atoms with the sur- 
rounding protein atoms that make up the chro- 
mophore pocket. The excited chromophore loses 
0.12 eV of energy by intramolecular vibrational 
energy redistribution on the sub-100-fs time scale 
(36), which can be roughly estimated from the 
Stokes shift by comparing absorption and fluo- 
rescence spectra (3). Accordingly, ~85% of the 
photon energy remains stored as strain and elec- 
tronic excitation in the chromophore before 


“Fz 
1023 fs 


Fig. 2. Trans-to-cis isomerization in PYP. Weighted DED maps in red (—3o) 
and blue (30); front (upper) and side view (lower). Each map is prepared 
from about the same number of diffraction patterns, except the 3-ps map 
(table S1, B and C). The reference dark structure is shown in yellow through- 
out; structures before the transition and still in the electronic excited state 
PES are shown in pink; structures after the transition and in the electronic 
ground state PES are shown in light green. Important negative difference 
density features are denoted as a and positive features as B in (B) and (G). 
Pronounced structural changes are marked by arrows. (A to C) Time de- 
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lays before the transition. (A) Twisted trans at 142 fs, oa 154° (B) Twisted 
trans at 269 fs, ota 140° some important residues are marked; dotted 
lines: hydrogen bond of the ring hydroxyl to Glu*® and Tyr**. (C) Twisted 
trans at 455 fs, ota 144°; dotted line: direction of C2=C3 double bond. 
(D to G) Time delays and chromophore configuration after the transition. 
(D) Early cis at 799 fs, ota; 50° (E) Early cis at 915 fs; dotted line: direction 
of C2 = C3 double bond. (F) Early cis at 1023 fs; for (E) and (F), dtai) ~ 65° 
(G) 3-ps delay; dashed line: direction of C2=C3 double bond, feature B1; dai 
is 35° 
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excitation 


200 


isomerization occurs. On passing through the 
conical intersection (20), the molecules either 
revert toward the initial dark state (30% of the 
excited molecules, Table 1 and table S3) or con- 
tinue relaxing toward the cis isomer (70%), grad- 
ually releasing the excess energy as heat. Because 
the chromophore pocket tightly restricts the 
chromophore head displacements, further struc- 
tural changes must be volume-conserving; i-e., 
they minimize the volume swept out by the 
atoms as they move. Accordingly, the chromo- 
phore performs the complex motions described 
above (fig. $3). Although the energy stored in 
the chromophore is sufficient to break the hy- 
drogen bonds (~0.1 eV), the spatial constraints 
imposed by the chromophore pocket direct the 
reformation of the hydrogen bonding network at 
longer time delays (Table 1). This is a macro- 
molecular cage effect reminiscent of the solvent 
cage effect in liquid chemical dynamics (37). The 
macromolecular cage in PYP, however, is soft 
enough to allow certain specific, relatively large 
(up to 1.3 A, Table 1) structural changes. This 


(0) 400 800 1200 1600 2000 2400 2800 contrasts with crystals of small molecules, where 
the stronger crystal lattice constraints usually do 
Delay (fs) not allow such large displacements. Hence, biol- 


Fig. 3. Chromophore tail torsional angle dynamics. Pink: twisted trans on excited state PES; light 
green: cis on ground state PES. Torsional angle ¢ai, (Solid spheres) is from structural refinement at 
various delays (table S3). Gray region: not time-resolved. Dashed line: fit with eq. S2, with a 
transition time of about 590 fs (fig. S2). Insets: structures of PYPrast (pink), PYPsiow, and PYPaps (light 
green), and dark-state structure PYPres in yellow. Difference electron density is shown in red (-—30) 
and blue (30). 


ogical macromolecular crystallography aimed at 
elucidating biological function may also provide 
insight into the reaction mechanisms of small 
molecules. 

To assess global conformational changes of PYP 
on the femtosecond time scale, we calculated the 
radius of gyration R, from each refined structure 


Table 1. Geometry of PYP structures. The PYP;,<+ structure was refined using a data bin spanning 100 to 400 fs with 81,327 snapshots and the 
PYP.iow Structure from a bin spanning 800 to 1200 fs with 157,082 snapshots (table S1B). Structures of I;, pRo, and pB, are from the Protein Data 
Bank, with the accession code in parentheses (22, 23, 47). Uncertainties of the torsional angles can be estimated to be 20° by displacing the four 
atoms that define the angle with the coordinate error (0.2 A). na, not applicable; nd, not determined. 


PYPre¢ PYPrast PYPsiow PYP3ps PYP2o00ns lr PRo pB, 
(dark) (fs laser) (4138) (4B90) (1TSO) 
PRi/pR2 
Time delay 0) 100- 800-1200 fs 3 ps 200 ns 100 ps 100 ps lms 
400 fs 


CrHO=CxCr 
(o 


CB-S-C;-Co =IS15 =A -164 =Aley/ 163/-165 =130 -123 180 


4.97/2.88 273) 2.73 8.03 


pCA-Oz-Glu*?-O, 2.50 3.40 
B 
pCA-0,-Cys°?-N i 3.11 


3.37/4.29 3.04 3.05 2.88 


<pCA>* (A) (0) 0.66 0.78 0.60 1.55/0.81 0.67 0.68 Pee 
<Global>+ (A) 

R 
Volume (A®) 


17.831 17,856 17,833 17.672 17,830 17,683 


Photoactivation yield (%)§ na 15.2 10.1 12.5+ (5%)|| (10%)|| (10%)|| 


*Mean displacement of equivalent chromophore atoms relative to dark (SM). tMean displacement of equivalent c, atoms relative to dark (SM). +See SM for the 
calculation. §Determined by fitting calculated DED maps to the experimental DED maps in the chromophore region. ||Estimate. 
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(SM). Rg fluctuates by only 0.2% in all structures 
from 200 fs to 200 ns (Table 1). An increase of Rg 
by up to 1 A, determined by others using x-ray 
scattering in solution upon photodissociation of 
CO from CO-myoglobin (9), was not observed in 
our PYP crystals. Concomitant systematic large 
volume changes were also not apparent in PYP 
crystals over the first 3 ps that our data span. 
Our data show no evidence for a protein quake 
(9, 10, 38), characterized by an ultrafast and large 
change in R, that occurs significantly before a 
large volume change. The reason for this is un- 
clear and will require further experiments. 
Ultrafast fluorescence and transient absorption 
spectroscopy of PYP have shown that excited state 
decay is multi-phasic (3, 5, 39). The fast (sub- 
picosecond) time constants are significantly more 
productive in creating the cis-like photoproduct 
than the slow (picosecond) time constants; the 
long-lived excited state population primarily de- 
cays back to the ground state (5, 36). With excitation 
at 450 nm, at least 50% of the total isomerization 
yield is generated with a dominant ~600-fs time 
constant (5), which agrees with our observation 
of a transition at ~550 fs. It should be noted that 
a ground state intermediate with a 3- to 6-ps life 
time has been proposed by ultrafast spectroscopy 
(36). However, under the conditions used here, 
the peak concentration of this intermediate is ex- 
pected to be small (5). In contrast to spectroscopic 
techniques that reported vibrational coherence 
with 50 cm” and 150 cm frequency (3, 40), we 
could not unambiguously detect oscillations in 
our data. Intense femtosecond optical pumping of 
PYP crystals generates both excited state and 
ground state vibrational coherences within the 
3.15-THz experimental bandwidth (47). It will 
be an important goal of future experiments to 
structurally characterize these coherences using 
femtosecond TR-SFX. Nevertheless, our data show 
that before 400 fs, there are large distortions cor- 
responding to a Franck-Condon (FC) excited state 
(42). The nuclear dynamics of the FC excited state 
at 100 to 200 fs agrees with the conclusions from 
ultrafast spectroscopy (3, 42-45) that also suggest 
a distortion of the C,=C; double bond on similar 
time scales, as in the PYP,,, structure. The isom- 
erization at 550 fs through the conical intersec- 
tion between the excited state and ground state 
PES is in reasonable agreement with the time scales 
for isomerization reported by others (3, 5, 42, 46). 
After passing through the conical intersection, the 
chromophore is cis-like and still highly strained. The 
transiently broken hydrogen bond is reestablished 
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quickly as the structure relaxes, exemplified by 
the PYP3,; structure (Fig. 3). Further relaxation 
on the ground state PES completes the initial 
phase of the isomerization. 
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November. Attracting nearly 18,000 professional attendees 
from more than 100 countries, AHA’s Scientific Sessions 
provides an elite forum for presentation of innovative 
research findings. 


Close | Wednesday, June 8, 2016 


Registration: 
Open | Wednesday, June 15, 2016 


Submit Your Science Now! 
scientificsessions.org 
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LI FE SCI ENCE TECHNOLOGIES Produced by the Science/AAAS Custom Publishing Office 
Cc NEW PRODUCTS 


Automated Immunoassay Platform 
A pioneer in miniaturizing and automat- 
ing immunoassays at nanoliter scale 
has released the Gyrolab Affinity Soft- 
ware module, which is available on both 
the Gyrolab xP workstation and the 
recently launched single compact disc 
(CD) Gyrolab xPlore system. This new, 
intuitive software module enables us- 
ers to easily set up and run in-solution 
affinity determinations of up to 14 inter- 
acting pairs in parallel in just one hour. 
Characterization of antibody-target 
binding is a critical element in the dis- 
covery and development of therapeutic 
antibodies. Gyros technology allows 
biotherapeutic developers to determine 
accurate equilibrium dissociation con- 
stants (K,) of unmodified substances 
down to low-picomolar levels by mea- 
suring free interactants in equilibrated 
solutions. The flow-through affinity 
column format in Gyrolab CDs is ideal 
for in-solution affinity determination, as 
interaction times of only a few seconds 
avoid the equilibrium shifts inherent 

in assays requiring longer incubation 
times. 

Gyros 


SciGene 
For info: 408-733-7337 
www.scigene.com 


FISH Hybridization System 

A high-capacity system for performing fluo- 
rescence in situ hybridization (FISH) assays 
is now available. The system consists of one 
CytoBrite Slide Incubation System for per- 
forming rapid probe denaturation on batches 
of 12 FISH slides, and one CytoBrite Slide 
Oven for overnight hybridization of 60 slides. 
Removable slide trays streamline slide setup 
and transfers between instruments. The 
combined instruments are equivalent to six 
older-generation ThermoBrite instruments at 
a fraction of the bench space and cost. 


antibody and oligo activation in just 30 
minutes, and oligo conjugation in only 
one hour, with no lengthy protocols. 
The kit enables excellent antibody and 
oligo recovery, with a robust and flex- 
ible cleanup procedure. Fast, easy, and 
efficient conjugation of oligonucleotides 
and antibodies has traditionally been a 
major obstacle when developing assays 
such as immuno-polymerase chain re- 
action (immuno-PCR), proximity exten- 
sion assays, proximity ligation assays, 
and electrochemical proximity assays. 
Thunder-Link and now Thunder-Link 
PLUS are the easiest to use, fastest, 
most efficient, and most effective oligo- 
nucleotide conjugation kits of their kind 
on the market. 

Innova Biosciences 

For info: +44-(0)-1223-496170 
www.innovabiosciences.com 


Cell Growth Substrate 

The substrate rigidity to which cells 
adhere can affect cell propagation, dif- 
ferentiation, lineage specification, gene 
expression, morphology, and migration. 
Grow cells in their native, in vivo soft- 
ness with the new CytoSoft Discovery 


For info: +46-(0)-18-56-63-00 
www.gyros.com 


Handheld Scanner 

The HandHeld is a truly portable instrument for manual sample 
picking and effective use in the field. This intelligent device provides 
users with the ability to immediately identify tubes and track 
samples when away from the lab. This includes manual picking from 
repositories as well as effective recording when collecting samples 
in the field. The new Ziath HandHeld scanner can be operated 
using one hand, and incorporates a lightweight build and intuitive 
interface that is easy enough for anyone in the lab to use. Its 
portable nature is perfect for a number of underserved applications, 
such as generating multiple pick lists for accurate tube selection, 
vial checking to confirm sample labelling, and easily recording 
samples in the field at the point of collection. Because the scanner 
is battery operated, users have the option to effortlessly enter data 
about specific samples as soon as they are scanned. 

Ziath 

For info: +44-(0)-1223-655577 

www.ziath.com 


Oligonucleotide Conjugation Kit 

Thunder-Link PLUS is a new and improved version of the original 
Thunder-Link kit, enabling even faster and more efficient oligonu- 
cleotide conjugation. The new kit offers all of the advantages of 
the original Thunder-Link technology, but now also works with an- 
tibody fragments and small proteins. Thunder-Link PLUS provides 


Kit. The kit contains seven plates with 
different elastic moduli (0.2, 0.5, 2, 8, 16, 32, and 64 kPa), covering 
a broad physiological range. On the bottom of each well, there is 

a thin layer of specially formulated biocompatible silicone, whose 
elastic modulus is carefully measured and certified. The surfaces of 
CytoSoft are functionalized to form covalent bonds with amines on 
proteins. Cells are given the opportunity to grow in the in vivo soft- 
ness they enjoy. 

Advanced BioMatrix 

For info: 800-883-8220 

www.advancedbiomatrix.com 


SampleBank 

The Mosaic SampleBank offers the benefits of sample manage- 
ment best practices gained from collaborating with big pharma 
companies in a cost-effective format that can be deployed quickly. 
SampleBank encapsulates key modules of Titian’s industry-leading 
Mosaic software in a preconfigured format allowing simple, efficient 
startup. SampleBank users can now rapidly organize all their sam- 
ples into a centralized, traceable resource. SampleBank’s inventory 
tracking, workflow, and order-management functionality promotes 
quality-assured data gained from efficient manual or automated 
processes. Customers will benefit from Titian’s integration with an 
extensive library of laboratory automation used in sample manage- 
ment workflows. 

Titian 

For info: +44-(0)-20-7367-6869 

www.titian.co.uk 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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SCIENCE 


At this very moment 
Josef Penninger and his 
team are presenting the 
latest breakthrough in 
cancer research in Vienna. 
Time for your meeting 

to change the course of 
science? 


ACV.AT 
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VIENNA.CONVENTION.AT Vi EN NA 


Molecular Biotechnology 


ad 


ar 


CRISPR/Cas¢9 in 
drug discovery 


Applications in target 
discovery, hit identification, 
and lead optimization 


To register, go to: 
bit.ly/ScienceWebinarMay11 


Science 


MVAAAS 17050 Montebello Rd, Cupertino, CA 95014 
Email: AAASInfo@betchartexpeditions.com 
www.betchartexpeditions.com 


Sponsored by GE Healthcare 


Join our live webinar! 


Wednesday, 
May 11, 2016 


12 noon Eastern, The southern-most point of the African 

riotous mix of picturesque mountains, tumbling rivers, 
fields of flowers, heathland, and an endless series of 

5 p.m. UK, bays, lagoons, and headlands forming the stunning 
coastline. The Western Cape Flora is one of only six 
floral kingdoms of the world. Explore world famous 
gardens and national parks. See elephants and rhinos 
as you enjoy spring in South Africa. $4,995 + air. 
Fora d brochure, 800) 252-4 


9 a.m. Pacific, 


6 p.m. CEST 
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a bietechne brand 


What’s in Your Sample? 


Choose the right immunoassay 
to get your answers! 


Learn more | rndsystems.com/immunoassays 
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There’s only one Science advice from 
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our representatives. Sp) 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 
E-mail: advertise@sciencecareers.org 
Fax: +1 (202) 289 6742 


Tina Burks 
Phone: +1 (202) 326 6577 


Nancy Toema 
Phone: +1 (202) 326 6578 


Online Job Posting Questions 
Phone: +1 (202) 312 6375 


EUROPE /INDIA/AUSTRALIA/ 
NEW ZEALAND / REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Sarah Lelarge 
Phone: +44 (0) 1223 326527 


Kelly Grace 

Phone: +44 (0) 1223 326528 
Online Job Posting Questions 
Phone: +44 (0) 1223 326528 


APAN 


Katsuyoshi Fukamizu (Tokyo) 
E-mail: kfukamizu@aaas.org 
Phone: +81 3 3219 5777 


Hiroyuki Mashiki (Kyoto) 
E-mail: hmashiki@aaas.org 
Phone: +81 75 823 1109 


CHINA/KOREA/SINGAPORE/ : 
TAIWAN/THAILAND Download Free Career Advice Booklets! 


Ruolei Wu ScienceCareers.org/booklets 


E-mail: rwu@aaas.org 
Phone: +86 186 0082 9345 


Featured Topics: 
All ads submitted for publication must comply with 
applicable U.S. and non-U.S. laws. Science reserves rT] N etworking 
the right to refuse any advertisement at its sole 


a z —T-3r 
discretion for any reason, including without limitation . mF 
for offensive language or inappropriate content, z Industry or Academia : = ate 
and all advertising is subject to publisher approval. ° 
Science encourages our readers to alert us to any ads » Job Sea rching @. Faw os 


that they feel may be discriminatory or offensive. 
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JOB FOCUS 


CHIEF SCIENTIFIC OFFICER 


B aylor Baylor College of Medicine (BCM) is conducting a retained search for an energetic and visionary leader for the research 
collaboration between BCM and Baylor Scott & White Research Institute (BSWRI) in Dallas and Temple. 


College of 


Medicine this executive will be to provide leadership, direction and strategic planning in the overall enhancement of research 
and development at BSWRI and will be instrumental in implementing and maximizing the value of the collaborative 
relationship between BSWRI and BCM. This dynamic leader serves as the liaison between the two institutions and as a 
resource to board and executive leadership on matters pertaining to research activities. 


The Chief Scientific Officer will also serve as a Section Chief in the BCM Department of Medicine. The main focus of 


The successful candidate will have a minimum of five years of experience in research leadership and management within a research enterprise 
of significant scope and size and a distinguished record that merits national/international credibility in research and qualify for appointment at 
BCM at the rank of full professor. An active lab and grant portfolio in basic or translational research is desired. A PhD, MD, or MD/PhD is required. 


Baylor College of Medicine (BCM): The only private health sciences university in the greater Southwest, BCM is an internationally respected 
medical and research institution that consistently ranks among the nation’s top medical schools, with U.S. News and World Report placing BCM 
20th among all medical schools in its latest annual survey for research. In fiscal year 2014, the College was ranked fifth by the National Science 
Foundation for total research expenditures in biological science, and 20th in National Institutes of Health (NIH) funding. Eight departments 
ranked among the top 20 for NIH funding, with Genetics and Cell Biology ranked #1. BCM is home to a number of centers of excellence, including 
the NClI-designated Dan L. Duncan Comprehensive Cancer Center and the Human Genome Sequencing Center. 


Baylor Scott & White Research Institute (BSWRI): The result of the 2016 integration of the legacy research programs of Baylor Health 
Care System and Scott & White Healthcare, BSWH and its affiliates offer BSWH researchers unique access to one of the largest patient 
bases available for research in the US with a single institution. As the entity designated by the BSWH Board of Directors to administer 
all research across the BSWH system, BSWRI promotes and supports research to bring innovative treatments from the laboratory 
workbench to the patient bedside. Focusing on basic science, clinical trials, health care effectiveness and quality-of-care research, BSWRI 
is conducting more than 2,000 active research protocols with 750 research investigators, spanning more than 60 medical specialties. 


About Baylor Scott & White Health 

Formed from the 2013 merger between Baylor Health Care System and Scott & White Healthcare, the system referred to as Baylor Scott & White 
Health (BSWH) is the largest not-for-profit health care system in the state of Texas. With about $9 billion in total assets, BSWH has the vision 
and resources to provide its patients continued quality care while creating a model system for a dramatically changing health care environment. 
The system consists of 48 hospitals including Baylor University Medical Center at Dallas and Scott & White Memorial Hospital as the top ranked 
flagship facilities, more than 900 access points, 6,000 active physicians, and 40,000 employees, plus the Scott & White Health Plan, Baylor Scott 
& White Research Institute and Baylor Scott & White Quality Alliance — a network of clinical providers and facilities focused on improving quality, 
managing the health of patient populations, and reducing the overall cost of care. 


Please submit nominations and/or curriculum vitae to the search consultant: 
Jannah Hodges, Managing Partner, Hodges Partners 

100 Highland Park Village, Suite 200, Dallas, TX 75205 

Phone: 214.902.7901 E-mail: jannah@hodgespartners.com 


TENURE-TRACK FACULTY POSITION 
IN IMMUNOLOGY 
MASSACHUSETTS GENERAL HOSPITAL 
HARVARD MEDICAL SCHOOL 


The Center for Immunology and Inflammatory Dis- 
eases and the Division of Rheumatology, Allergy and 
Immunology at the MGH is seeking an outstanding sci- / ~~ 
entist to develop a rigorous independent research pro- —_ 
gram in immunology. Applicants whose programs address i 
any area of basic experimental immunology or translational 
human immunology are encouraged to apply. Areas of 
particular interest include single cell genomics and bio- 
informatics, B cell biology, tolerance, autoimmunity and 
allergy. Laboratory space is within the MGH Center for 
Immunology and Inflammatory Diseases, a diverse inter- 
active research center focused on basic immunology and 
mechanisms of immune-mediated diseases. Applicants may 
have an M.D., Ph.D. or M.D./Ph.D. degrees. Academic 
appointment at the Assistant or Associate Professor level 
will be on the tenure-track at Harvard Medical School 
and a generous start up package will be provided. Appli- 
cants should submit a CV, research plan and the names of 


three references to Dr. Andrew Luster c/o ClIDsearch@ 9 . 
ciehterantoht Don’t hit the pavement 
Women and minority applicants are particularly encouraged to apply. fo r yo u r jo b searc h 
° 


SciénceCareers.or 


a ate Sia ReachiScientistss Target your job search using relevant Science Careers 


235,000 job applications* . 
Fill Positions. resources on ScienceCareers.org. FROM THE JOURNAL SCIENCE JAYAAAS 


ScienceCareers 


employers.sciencecareers.org *Jan-Dec 2015 


HHMI PROFESSORS COMPETITION 


Are you a million-dollar professor? 


The Howard Hughes Medical Institute (HHMI) invites applications for 


the HHMI Professors Program competition from natural sciences faculty 
members who, through innovative teaching and mentoring, can convey 
the excitement and values of scientific research to undergraduate students. 
Through sustained investment in the Professors program, 


HHMI expects to appoint up to 15 professors, 
awarding each a five-year, non-renewable grant of $1 million. 


e Full-time faculty appointment in current 
home department for at least three 
e — Affiliated with an institution classified as consecutive years prior to application 
a Doctoral University, Highest Research 
Activity (R1) according to the 2015 
Carnegie Classification of Institutions 
of Higher Education 


e — Assigned role in the development 
or implementation of undergraduate 
curriculum in home department as 
part of faculty appointment 

e  Tenured faculty member of a baccalaureate 


; ; ° — Principal investigator on one or more 
degree-granting natural sciences department 


active, national peer-reviewed research 
award of at least three years duration 


http://www.hhmi.org/hhmiprofs2017 
Deadline for Intent to Apply: July 1, 2016 
Deadline to submit all electronic application materials: October 6, 2016 


I | Howard Hughes 


Medical Institute 


FUNDING OPPORTUNITIES — U.S. Department of Defense 


Defense Health Program 
Peer Reviewed Medical Research Program 


The Peer Reviewed Medical Research Program (PRMRP) funds exceptional research with the goal to improve the health and well-being of all military 
Service Members, Veterans, and their beneficiaries. The PRMRP received $278.7 million in fiscal year 2016 (FY16) and seeks grant applications 
in the following topic areas: 
Acute Lung Injury Fragile X Syndrome Mitochondrial Disease Rett Syndrome 
Antimicrobial Resistance Hepatitis B Nanomaterials for Rheumatoid Arthritis 


Chronic Migraine and Hereditary Angioedema Bone Regeneration Scleroderma 
Post-Traumatic Headache Hydrocephalus Nonopioid Pain Management Sleep Disorders 


Congenital Heart Disease Inflammatory Bowel Disease Panera Tinnitus 
Constrictive Bronchiolitis Influenza Pathogen-Inactivated Dried Plasma Tuberculosis 


Diabetes Integrative Medicine Polycystic Kidney Disease Vaccine Development for 
Dystonia Interstitial Cystitis Post-Traumatic Osteoarthritis Infectious Disease 


Emerging Infectious Diseases Lupus Psychotropic Medications Vascular Malformations 
Focal Segmental Malaria Pulmonary Fibrosis Women’s Heart Disease 
Glomerulosclerosis Metals Toxicology Respiratory Health 


Descriptions of the FY16 PRMRP Program Announcements * Clinical Trial Award * Investigator-Initiated Research Award 
and General Application Instructions are anticipated to be * Discovery Award * Technology/Therapeutic Development Award 
posted on Grants.gov by mid-March 2016: * Focused Program Award 


All applications must conform to the Program Announcements and General Application Instructions that will be available for electronic downloading from the Grants.gov 
website (all viewable under CFDA number 12.420). Execution management support will be provided by the Congressionally Directed Medical Research Programs. 


For more information, please visit: http://cdmrp.army.mil/funding/prmrp.shtml 
http://cdmrp.army.mil 


C POSITIONS OPEN 
' D AV [ & CRANIOFACIAL BONE PHYSIOLOGIST 
The Dental and Craniofacial Research and Tissue, 
PRIMATE NEUROLOGIST Regeneration Directorate at the US Army Institute of 


Surgical Research at Fort Sam Houston, San Antonio, 
The University of California, Davis, Department o TX is seeking applications to fill a craniofacial bone phys- 


eurology in collaboration with the California Nationa iologist position. The successful candidate should have 
Primate Research Center (CNPRC) seeks to fill a experience in craniofacial bone healing research and will 


SS : be expected to develop a strong competitive bone re- 
enure-track or tenured position at the Associate/Ful search program. For full details of the vacancy and how 
Professor level in the In-Residence or Ladder Rank] | to apply, please visit website: https: //www.usajobs. 
Professor series with an emphasis on research in] | gov/GetJob/ViewDetails/437296400 

age-related cognitive decline in nonhuman primates. 
Preference will be given to candidates with a research 
program in an area of cognitive neurosci 
with a focus on aging in nonhuman primates 
compliments existing programs within the C' 

Department of Neurology, School of Medicine, an 
Davis. 


The CNPRC at UC Davis is one of seven national Join the Conversation! 
centers established by the National Institutes o Twitter is a great way to connect with 
Health, Office of the Director (NIH/OD). The CNPRC is AAAS members and staff about the 

a national resource for collaborative and consultative issues that matter to you most. Be a part 
expertise, biologic and genetic material, normative of the discussion while staying up-to-date 
data, and specialized facilities and equipmen on the latest news and information 

0 support nonhuman primate-related research. about your personal member benefits. 
embers of the scientific staff (Core Scientists), 
represent a variety of disciplines including behavioral, 


cognitive neuroscience, cell and developmental 
biology, genetics, psychology, physiology, reproductive 
biology, virology, and immunology. 


The level of appointment will be commensurate with /\ AAA 


credentials. Qualified applicants should upload a CV, 
names and contact information of three references 
online at http://apptrkr.com/804870 . EOE 


MEMBER‘ 
MemberCentral.aaas.org 


Maat rt 


Southwest Jiaotong University 


Southwest Jiaotong University, Chengdu, China 
Invites Applications for the Academic Positions 


Southwest Jiaotong University (SWJTU), founded in 1896 and located in 
Chengdu, the capital of Sichuan province--China’s dynamically growing West. 
SWJTU is an elite university with national key multidisciplinary “211” and “985 
Feature” projects directly managed by the Ministry of Education.SWJTU is cur- 
rently on the strategic “Developing and Strengthening the University by Introduc- 
ing and Cultivating talents” campaign. Thus, you are cordially invited to apply for 
the following academic positions. 

More information is available at http://www.swjtu.edu.cn/ 


Positions and Requirements 
A. High-level Talented Leaders: Candidates should be qualified to be listed in 
national top talents programs such as Program of Global Experts, Top Talents of 
National Special Support Program, “Chang Jiang Scholars”, China National 
Funds for Distinguished Young Scientists and National Award for Distinguished 
Teacher. 
B. & roe Leading Scholars: Candidates are preferable to be listed or qualified 
following programs: National Thousand Young Talents Program,The Top 
2s of National Special Support Program (Program for Supporting Top 
Yor ), Science Foundation for the Excellent Youth Scholars. _ 
Cc. Excellent Young ; Academic Backbones mh 4 f 
t 


D; Excellent Doctors and st Doctoral Fe Fellows 


QDYALBIAF 


7 DALIAN MARITIME UNIVERSITY 


Faculty Positions Available in Dalian Maritime University 


Dalian Maritime University (DMU), established in 1909, is the key maritime insti- 
tution under the Ministry of Transport, People’s Republic of China. DMU enjoys a 
high reputation internationally as an excellent center of maritime education and 
training as recognized by the International Maritime Organization (LIMO). DMU is 
also one of the member universities of “Project 211", a plan to build one hundred 
national-level universities in China. Subjects include engineering, science, man- 
agement, economics, law, arts and philosophy, ete. 

Complying with its goal to become a high-level university with distinctive charac- 
teristics in shipping, DMU welcomes talents, from home and abroad, to join us. 
(www.dimu.edu.en) 

Reeruitment Programs 

National Thousand Talents Program 

Long-term or Short-term Research Program (Full Time/Part Time) 

Young Talents (Full Time) 

@Chang Jiang Scholars Program 

Distinguished Professors(Full Time) 

Chair Professors (Part Time) 

Young Scholars(Full Time) 

Overseas Returned Scholars with PhD degree 

Research Areas Required 

Transportation Engineering, Naval Architecture and Ocean Engineering, Infor- 
mation and Communication Engineering, Control/Environmental/Management 
Science and Engineering, Computer Science and Technology, 

Logistics /Business/Public Administration, Law, Ete. 

Support, Salary and benefits 

Successful applicants will be offered highly competitive salary and benefits, re- 
search space, scientific research funds and extensive opportunities for promo- 
tion etc. 

Contact Us 

For more information, please visit http: //www.dlmu.edu.en/. If you're inter- 
ested, please send your CV and relevant materials to zhaopin@dlmu.edu.cn or 
make telephone to +86-411-84727809, +86-411-84729228. 


Faculty Positions Available in the ‘Third 
Military Medical University, Chongqing, China 


‘Yhe Third Military Medical University ('MMU) is seeking high-level medical tal- 
ents from home and abroad. Applicants must have a nationality of China and a 
Ph.D. and/or M.D. degree. Competitive remuneration packages will be provided 
to successful applicants. 

Located in Chongqing, the TMMU is a national key university, one of the military 
"2110 Project" key universities , and one of the first universities allowed to grant 
doctor's degree and to offer eight-year medical education program in China. Cur- 
reully, the university has 3 academicians of Chinese Academy of Sciences aud Chi- 
nese Academy of Engineering, over 200 high-level talents including distinguished 
professors entitled “Changjiang Scholar” and winners of “National Outstanding 
Youth Foundation,” and over 900 staff members with senior professional titles. 
The TMMU has 25 national key disciplines, key state laboratories and national en- 
gineering centers, and three grade-A affiliated hospitals. It has harvested over 
1700 scientific and technological achievements, including 7 first prizes of the Na- 
tional Science and Technology Progress Award. 


Farther information is available at www edu en/tmmn 
Please fo: uur CV and any other proof. reflecting your teaching and 


research background to sydreb@sina.com Please call at +86-23-68752105 for 
any queries. 


WKKAKE 


Shandong University of Technology Is Seeking 
for High-level Talents at Home and Abroad 


I. Recruiting subjects 

Mechanical engineering, agricultural engineering, chemical engineering and tech- 
nology, electrical engineering, computer science and technology, civil engineer- 
ing, surveying and mapping science and technology, transportation engineering, 
biology, economics, ect.. 

Il. Recruitment Scope 

Professor, Associate Professor, Assistant Professor, Post doctor, doctor 

III. Welfare and Benefits 

(1) Annual salary for assistant professor or higher-level talonts is RMB 400,000- 
1,200,000 with setting-in allowance of RMB 500,000-1,000,000; 

(2) Annual salary for post doctor and doctor is RMB 300,000-400,000 and other 
relevant benefits. 

TV. Talents who are eligible for the State’s Thousand Talents Plan and Shan- 
dong, Taishan Scholars as well as other talent projects enjoy corresponding 
policies and treatments after successfully recommended. 

V. Contact information 

Address: Recruitment Office of Shandong University of Technology, No. 266, 
Xineun West Road, Zhangdian District, Zibo City, Shandong Province 

Zip code: 255049 

Contact: Professor Zhang, 

E-mail: rshch@sdut.edu.cn 
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For recruitment in science, there’s only one Science. 


What makes Science the best choice? Deliver your message to a 
global audience of targeted, 
= Read and respected by 400,00 readers around the globe qualified scientists. 


= 75% of readers read Science more often than any other journal 129 574 
i) 


# Your ad dollars support AAAS and its programs, which : net 
strengthens the global scientific community. subscribers in print 


every week 
Why choose this Biotechnology Focus for 4 8 3 6 6 
your advertisement? we anwe 
unique active job seekers 
= Relevant ads lead off the career section with special searching for biotechnology 
biotechnology banner positions in 2015 


= Bonus distributions: 2/7 111 
] 


BIO, June 6—9, San Francisco, CA oe ; 
. : applications submitted for 
BIO Career Fair, June 9, San Francisco, CA. biotechnology positions 
in 2015 


Expand your exposure. 
Post your print ad online to benefit from: 


= Link on the job board homepage directly to biotechnology jobs 
" Dedicated landing page for jobs in biotechnology 


# Additional marketing driving relevant job seekers to the 
job board. 


Produced by the Science/AAAS Custom Publishing Office. 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 


e 
Science Careers teres, Se dee 


Japan China/Korea/Singapore/Taiwan 
FROM THE JOURNAL SCIENCE JAVAAAS +813 3219 5777 +86 186 0082 9345 


FU K & 
THE UNIVERSITY OF HONG KONG 


Tenure-Track Associate Professor/Assistant Professor 
in the Department of Chemistry (2 posts) 


Applications are invited for tenure-track appointments as Associate Professor/ 
Assistant Professor in Computational Chemistry [post (A) (Ref.: 201600456)| 
and Assistant Professor in Synthetic Chemistry [post (B) (Ref.: 201600457)] in 
the Department of Chemistry, to commence on January 1, 2017 or as soon as 
possible thereafter. These posts are tenure-track positions with consideration 
for tenure during the second three-year appointment. 


For post (A) (Ref.: 201600456), applicants should have a Ph.D. degree with a 
strong background and research record in the computational chemistry with 
research interests in material science, catalysis, energy or drug design. For 
post (B) (Ref.: 201600457), applicants should have a Ph.D. degree with a strong 
background and research record in synthetic chemistry with research interests 
in metal catalysis, materials synthesis, and/or x-ray crystallography. For both 
posts, the appointees are expected to develop original and independent research 
programs, and excel in both undergraduate and postgraduate teaching. A 
suitable start-up fund for research will be provided to the appointees. Information 
about the Department can be obtained at http://www.chemistry.hku.hk. 


A globally competitive remuneration package commensurate with 
qualifications and experience will be offered. At current rates, salaries tax 
does not exceed 15% of gross income. The appointments will attract a 
contract-end gratuity and University contribution to a retirement benefits 
scheme, totalling up to 15% of basic salary, as well as annual leave, and 
medical benefits. Housing benefits will be provided as applicable. 


Applicants should send a completed application form, together with 
an up-to-date C.V., a research proposal, and a statement on teaching 
philosophy by e-mail to scchem@hku.hk. They should indicate clearly 
the reference number and the level they wish to be considered for in the 
subject of the e-mail. Application forms (341/1111) can be downloaded at 
http://www.hku.hk/apptunit/form-ext.doc. Further particulars can be obtained 
at http://jobs.hku.hk/. Closes May 31, 2016. 


The University thanks applicants for their interest, but advises that only 
candidates shortlisted for interviews will be notified of the application result. 


The University is an equal opportunities employer and is committed to a No-Smoking Policy 


TEXAS TECH UNIVERSITY 
HEALTH SCIENCES CENTER 


School of Medicine 
Tenure-Track Faculty Positions 


The Department of Cell Biology and Biochemistry at the Texas Tech 
University Health Sciences Center in Lubbock, TX invites applications 
for three tenure-track positions at the Assistant, Associate, or Professor 
level in any area of Biochemistry, Cellular, or Molecular Biology. The 
department (http://www.ttuhsc.edu/SOM/cbb/) currently has fourteen 
full-time faculty members and seeks accomplished scientists to 
complement existing research programs in cancer, reproductive biology, 
diabetes, membrane protein structure and function, development, and 
neurodegenerative diseases. Appointments will be in the School of 
Medicine and the Graduate School of Biomedical Sciences and come with 
a highly competitive start-up package and state-supported salary. Qualified 
candidates at the Professor level may be eligible for an endowed chair in 
Cancer Biology. Applicants should have a Ph.D., and/or M.D. degree, 
and will be expected to participate in the research and teaching missions 
of the department. Applicants with funded programs or strong evidence 
of funding potential will be given the strongest consideration. The 
Department of Cell Biology and Biochemistry is committed to diversity 
in education and employment, and strongly encourages applications from 
women and minorities. 


Interested candidates must apply online (job 6733BR, 6734BR, or 
6737BR) at http://www.ttuhsc.edu/som/cbb/positions.aspx. Candidates 
should submit a single document in PDF format containing a cover letter 
describing their interest in the department (including possible collaborations 
with current faculty), a curriculum vitae, and a brief summary of their 
research interests. Candidates should also arrange to have three letters of 
recommendation sent in electronic format to cellbiology.biochemistry@ 
ttuhsc.edu. Review of applications will continue until the positions are 
filled. 


The TTUHSC is an Equal Opportunity /Affirmative Action/Veterans/ 
Disabilities Employer. 


University of Missouri 
School of Medicine 


The University of Missouri (MU) School of Medicine in Columbia 
invites applications and nominations for the position of 


SENIOR ASSOCIATE DEAN 
FOR RESEARCH 


This position reports directly to the 
Dean of the School of Medicine. 


MU has an outstanding research infrastructure in life sciences. 
MU has numerous distinctions including the largest and most 
powerful university-owned research reactor in the country; the 
only NIH-funded national swine resource and research center; 
one of 13 regional biocontainment laboratories in the nation; 
one of only four Mutant Mouse Regional Resource Centers; a 
Rat Resource and Research Center. Thus, MU is the only uni- 
versity in the nation to hold three major NIH national centers. 


The Senior Associate Dean for Research will work with the 
Dean of the School of Medicine and campus research lead- 
ers to develop strategies that identify areas of research signif- 
icance which will enable the School of Medicine to grow its 
research enterprise. The candidate will be expected to coordi- 
nate and lead extramural applications for research infrastruc- 
ture and other large institutional awards; represent the School 
of Medicine to local, regional and national constituencies; and 
provide leadership in the area of clinical and translational re- 
search. The Senior Associate Dean will also oversee the grad- 
uate program in biomedical sciences, the research compliance 
programs, laboratory safety and the fiscal integrity of the re- 
search enterprise. 


This individual will have an MD or PhD or equivalent degree, 
broad progressive administrative leadership experience in an 
academic health center environment; working knowledge of 
current national biomedical research interests with a history 
of sponsored funding; national recognition for achievement 
in research pursuits that would warrant appointment as a Full 
Professor. There should be a demonstrated record of promoting 
collaboration and cultivating both internal and external rela- 
tions. The candidate must demonstrate the highest integrity 
and personal ethics and have a strong commitment to diversity. 


Interested individuals should submit a letter of interest 
and a current CV to: 
Barbara Montgomery, 
staff for the search committee, 
montgomeryb@health.missouri.edu or 
MU School of Medicine, DC018.00 
Columbia, MO 65212 
telephone (573) 882-0003 


For additional information, 
visit the following web sites: 
http://medicine.missouri.edu/ and 
http://missouri.edu/ 


The University of Missouri is fully committed to achieving the goal of 
academic community of faculty, staff and stu- 
duals who are committed to this goal and our core 
campus values of respect, responsibility, discovery and excellence. 


An equal opportunity/Access/Affirmative Action/Pro Disabled 
& Veteran Employer 


online @sciencecareers.org 
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Learning the lessons of networking 


hen I was a young researcher, networking did not come naturally to me. I am a quiet person, 
and I preferred to engage with people I was already familiar with. However, I saw that many 
successful networkers also had successful careers with thriving, collaborative research pro- 
grams and frequent speaking invitations. So, during my postdoc, I started making an effort 
to overcome my reclusive tendencies and build my professional network—and it has paid 
off. The network that I have built has championed my career advancement and contributed 
to my intellectual and professional development. Many of the opportunities that have come my way, 
including a tenure-track assistant professorship that I will begin next fall, have arisen from networking. 


Because networking lacks direct or 
immediate outcomes, it is easy to 
ignore during academic training 
that focuses on quantifiable mea- 
sures of success such as published 
articles and awarded grants and 
fellowships. It is also tempting to 
dismiss networking as a marketing 
ploy that distracts from scientific 
work that should speak for itself. 
As an initially hesitant networker, I 
have picked up some tips for those 
who want to develop a network 
without compromising their scien- 
tific or professional integrity but 
don’t know where to start. 

Attend conferences. With my 
mentor’s approval, I prioritized con- 
ference attendance when I began 
my postdoc, even when it meant 
paying out of my own pocket. I 
chose three conferences to regu- 
larly attend each year. For me, this was the right number 
to reap the rewards of meeting people without disrupting 
my labwork; your optimal number might be different. At- 
tending this variety of meetings, each with its unique but 
slightly overlapping profile of attendees, struck a balance 
between continually meeting new people from my broader 
field and strengthening the relationships with those in my 
niche discipline by seeing them multiple times a year. 

Socialize. As an introvert, I usually want to retreat to 
my hotel room after a full day at a conference, but instead, 
I push myself to take advantage of the multiple formal and 
informal social events to further develop existing relation- 
ships and make new connections. Several of my collabora- 
tions have arisen from these conversations. Make the most 
of those opportunities by resisting the tendency to socialize 
exclusively with your friends. 

Cold call. When I want to meet established researchers, 
I take the initiative to approach them directly, even if we 


“As an initially hesitant 
networker, I have picked 
up some tips.” 


don’t have any connections. When I 
was a postdoc, for example, I asked 
a professor whether I could visit his 
lab and give a talk while visiting 
a friend in the same city. Another 
time, I asked a professor if we could 
meet for lunch or coffee during an 
upcoming conference. Afterward, 
I was able to call on this new con- 
tact for a letter of support. If you 
have the courage to ask for a meet- 
ing, you will be surprised by the 
success rate—and it could lead to 
future opportunities. 

Give. The self-serving nature of 
networking can be repellant, but 
you can make up for it by being 
generous toward your trusted col- 
leagues. Be willing to share ideas 
to help improve others’ research, 
and be free with introductions 
among members of your network. 
The goodwill that follows will go a long way to help you 
become known not as a leech but as a good colleague and a 
knowledge hub. 

Build your network before you need it. Developing 
a network during training, before you're actively look- 
ing to make your next career move, also helps minimize 
the feeling that networking is just self-serving. It avoids 
the awkwardness of starting a professional relationship 
with a request and allows you to sincerely build a net- 
work of peers and colleagues without ulterior motives. 
Remember that in the end, a strong network is based on 
its members’ mutual respect for one another as scientists 
and friends. 


Peter M. Grace is a research assistant professor in the De- 
partment of Psychology and Neuroscience at the University 
of Colorado, Boulder. He thanks Andrew Gaudet for editorial 
advice. Send your story to SciCareerEditor @aaas.org. 
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